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dSkThe  useful  range  of  the  manganin  pieiioreni stive  stress  transducer  wan 
okt-cnded  ream  ti;,>  iWjser  li&U  of  about  GPa  (b§0  kbar ) to  about  125  GPa 
{1250  kbu»  /,  The  major  problem  encountered  was  shunting  of  the  gage , caused 
by  the  increased  electrical  conductivity  of  insulators  at  high  shock  stresses. 

The  effect  of  shunting  vus  minimised  through  use  of  very-low-impedanee  (0.05  to 
0.l5-oh»)  gages  and  through  careful  attention  to  gage  geometry.  Loading  and  ,*  >— 
release  calibration  data  for  manganic  were  obtained  over  the  stress  range 
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between  about  25  and  about  125  GPa.  The  results  of  earlier  work,  calibrations 
to  45  GPa,  are  critically  reviewed.  All  of  the  reliable  data  on  the  dynamic 
pie-oresistance  of  manganin  can  be  fitted  by  the  piecewise  calibration  curve 
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iA  prototype  high-stress  mutual-inductance  particle  velocity  gage  was  designed 
and  tested.  Six  manganin  gages,  one  background  (unpowered  manganin ) gage,  and 
one  aluminum  preheat  temperature  gage  were  fielded  in  the  Debris  Coupling 
Experiment  of  the  Husky  Pup  nuclear  event.  Despite  power  supply  failure, 
attributed  to  preshot  flooding  of  the  instrumentation  alcove,  excellent  time- 
of-arrival  data  were  obtained.  These  data  disagree  by  about  a factor  of  two 
with  preshot  predictions  of  shock-wave  propagation  in  the  Debris  Coupling 
Experiment. 
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SUMMARY 

The  megabar  <100  GPa)  stress-gage  work  presented  here  was  proposed 
in  response  to  the  Defense  Nuclear  Agency’s  need  for  the  capability  of 
making  close-in  free-field  stress  measurements  in  underground  nuclear 
tests.  In  a previous  DNA  program  under  Contract  No.  DNA001-73-C-0225, 
wo  had  determined  that  the  piezoresistive  response  of  manganin  extended 
into  the  megabar  range  and  that  the  problems  of  gage  insulation  and  gage 
survivability  were  surmountable. 


The  present  program  consisted  of  five  tasks: 

(1)  Design,  construct,  and  test  manganin  gage  packages  that  are 
adaptable  to  field  use  at  very  high  stresses. 

(2)  Determine  the  effacts  of  gage  package  and  fabrication 
techniques  on  the  response  of  the  gage  to  stress  above 
40  GPa  (400  kbar). 

(3)  Calibrate  the  manganin  gage,  for  loading  and  release,  over 
the  stress  range  extending  from  about  40  GPa  to  100  GPa. 

(4)  Design  and  conatruct  a mutual-inductance  particle  velocity 
gage  suitable  for  the  high-stress  region. 

(5)  Field  six  manganin  gages  in  the  debris  coupling  experiment 
of  the  Husky  Pun  nuclear  event. 

All  of  these  tasks  have  been  completed  successfully,  Manganin  gage 
packages  suitable  for  both  laboratory  and  field  use  were  tested  over  the 
•tress  range  to  125  GPa.  Goading  and  release  calibration  data  for 
manganin  were  obtained  over  the  stress  range  between  about  25  and  about 
125  GPa.  A prototype  high-stress  mutual- inductance  particle  velocity 
gage  was  designed  and  tested.  Six  active  manganin  gages,  one  background 
(unpowered  manganin)  gage,  and  ode  preheat  temperature  gage  were  fielded 
in  Husky  Pup.  . 


I 


.-vc 


-K 

.5 

■f 

•vy 


In  Husky  Pup,  the  gage  power  supplies  failed  to  operate  (probably 
the  result  of  preshot  flooding  of  the  alcove),  but  excellent  time-of- 
arrival  data  were  nevertheless  obtained.  A major  conclusion  from  this 
experiment  is  that  manganin  gages  are  suitable  for  use  in  close-in 
measurements  in  the  underground  nuclear  test  environment. 


Section  II  presents  some  general  background  material  relevant  to 
the  use  of  laboratory  Hugoniot  data  in  computational  predictions  of 
material  response  to  stress  waves.  Section  III  covers  present  work  on 
the  high-stress  (to  125  CPo.)  calibration  of  munganin  and  also  reviews 
previous  work  on  manganin  calibration  below  40  GPa.  Section  IV  is 
devoted  to  the  mutual 'inductance  particle  velocity  gage.  The  Husky  Pup 
Debris  Coupling  experiment  is  discussed  in  Section  V.  This  section  also 
includes  results  of  laboratory  measurements  (grunito  conductivity  at 
high  shock  stresses,  response  of  in-granite  gages,  and  response  of 
manganin  gage  systom  to  simulated  EHP  environment)  that  were  made  in 
support  of  Husky  Pup.  Appendix  A is  a brief  description  of  all  of  the 
laboratory  shock-wave  experiments  performed  on  this  contract. 
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Lee  Hall  was  responsible  for  all  instrumentation  work,  including 
the  design  of  the  Husky  Pup  power  supplies.  James  Dempster  constructed 
the  gage  calibration  assemblies  and  provided  design  assistance.  Jim 
Yost,  Darwin  Henley,  Frank  Galimba,  Ken  Mock,  Curt  Benson,  and  Nick 
Pianca  assisted  with  the  experiments.  Art  Whitson  and  Rob  Bly  provided 
advice  on  EMP  hardening  of  the  gage  system.  Donald  Curran,  Carl  Petersen 
(now  at  SSS)  and  Doug  Keough  wore  responsible  for  technical  supervision 
of  the  project.  Captain  Jerry  Stockton  monitored  the  Husky  Pup  phase 
of  the  program;  the  gage  development  work  was  monitored  by  Col.  Dan 
Burgess  and  Mr.  Thomas  Konnedy.  Dr.  Roy  Shunk  of  SAI  was  a very 
constructive  critic  of  the  gage  development  work. 
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I BACKGROUND 


During  the  past  20  years,  computer  codes  for  the  prediction  of 
shock-wave  propagation  in  solids  tiave  become  increasingly  complex  and 
sophisticated,  as  have  experimental  techniques  for  the  measurement  of 
shock-wave  propagation,  in  the  early  1950s  the  fundamental  assumption 
of  the  computational  models  was  that  solid  behavior  could  be  treated  as 
hydrodynamic — i.e. , material  strength  effects  were  not  important  in  the 
high-stress  region. 

The  essential  input  data  for  the  computations  were  obtained  by 
rear-surface  measurements  of  shock  velocity  and  freo  surface  velocity  of 
a material  in  laboratory  shock-wave  experiments,  With  the  aid  of  a few 
assumptions  and  the  application  of  the  conservation  laws,  each  pair  of 
shock-veloci ty 't ree-surfaco  velocity  points  maps  onto  a point  in  the 
pressure-volume  plane.  The  locus  of  states  in  the  pressure-volume  plane 
(or  the  equivalent  pressure-particle  velocity  plane)  that  can  he  reached 
by  shock  compression  of  a material  (from  a given  initial  state)  is  called 
the  Hugoniot  equation  of  state,  or  simply,  the  Hugoniot, 

ily  the  early  1960* , the  inadequacy  of  the  hydrodynamic  model  had 
been  conclusively  demonstrated  by  the  results  of  well-designed  one- 
dimor.sionul  shock-wave  propagation  experiments  on  metals;  the  hydrodynamic 
model  predicted  very  much  lower  attenuation  rates  than  were  observed, 

With  the  development  of  improved  stress-wave  generating  techniques,  higher- 
resolution  rear-surface  measurements,  and  most  recently,  in-material 
stress  and  particle  velocity  transducers,  progressively  more  refined 
computational  models  could  be  tested.  It  gradually  became  apparent  that 
the  propagation  of  stress  waves  in  a solid  is  a complex  phenomenon  that 
can  be  modeled  accurately  only  when  all  of  the  important  complexities  of 
actual  material  behavior  are  incorporated  into  the  model.  The  realiza- 
tion of  this  complexity  tms  led  to  the  use  of  the  general  term  “stress 
wave"  in  place  of  "shock  wave,"  which  implies  narrowly  restricted  material 
behavior. 
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At  present,  there  exist  a variety  of  computer  codes  capable  of 
predicting  with  satisfactory  accuracy  the  outcome  of  both  one-dimensional 
and  two-dimensional  laboratory  wave-propagation  experiments  with  various 
metals.  The  common  element  in  the  successful  predictions  has  been  the 
development  and  incorporation  into  the  computation  of  sufficiently 
accurate  and  comprehensive  constitutive  relations  (a  dynamic  stress- 
volume-energy  equation  of  state). 

These  material-specific  constitutive  relations  quantitatively 
account  for  the  effects  on  stress-wave  propagation  of  detailed  material 
response  including  yielding,  plastic  flow,  work-hardening,  fracture 
(including  the  stress-time  dependence  of  xhe  nucleation  and  growth  of 
fracture),  stress  relaxation,  Bauschinger  effect,  heating,  and  cooling. 
The  constitutive  relations  are  based  on  Hugonlot  measurements,  static 
high-pressure  measurements,  tost#  of  mechanical  properties  at  various 
strain  rates,  thermodynamic  measurements  and  calculations,  dynamic 
fracture  experiments,  elasticity  theory,  considerations  of  dislocation 
dynamics,  and  any  other  relevant  data  or  theories  that  arc  needed  and 
available. 

The  development  of  accurate  constitutive  relations  for  metals 
rsquired  extensive  collaboration  among  shock-wave  physicists,  solid- 
state  physicists,  physical  and  mechanical  metallurgists,  computer  code 
specialists,  and  others,  Rapid  progress  became  possibly  only  when  the 
various  specialists  learned  to  communicate  with  one  another. 

One  may  presume  that,  at  least  in  principle,  the  computational 
aspects  of  predicting  the  effects  of  nuclear  explosions  in  geologic 
media  are  well  understood.  The  heart  of  the  prediction  problem  therefore 
appears  to  be  the  demonstrable  inadequacy  of  present  knowledge  of  con- 
stitutive relations  for  the  geologic  media  of  interest. 
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It  is  perhaps  misleading  to  define  the  constitutive  relations  as 
a dynamic  stress-volume-energy  equation  of  state.  Indeed,  use  of  the 
term  "constitutive  relations”  is  one  way  of  avoiding  the  implication 
that  the  states  of  interest  arc  path-independent,  thermodynamically 
equilibrated  states.  It  might  be  better  to  state  that  the  constitutive 
relations  are  a detailed  description  of  the  response  of  a material  to 
stress  waves.  A bare  bones  set  of  constitutive  relations  for  a wave 
propagation  calculation  could  be  constructed  from  a set  of  compression 
and  release  paths  covering  the  stress-time  range  of  interest. 


The  variety  of  possible  compression  and  release  paths  for  geologic 
media  is  illustrated  in  the  following  examples.  Assume  the  geologic 
medium  to  be  a compact  monomineralic  rock  composed  of  a mineral  known 
to  undergo  a phase  transition  at  high  quasi -static  pressures.  The 
equilibrium  stress-volume  behavior  of  this  material  is  schematically 
depicted  by  the  solid  line  in  Figure  1(a) ! the  dashed  lines  represent 
raetastable  compression  curves  for  phase  I and  phase  II.  Figures  1(b), 
1(c),  and  1(d)  depict  some  possible  responses  of  this  material  to  stress- 
wave  compression  and  release. 
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Figure  1(b)  illustrates  metastable  response.  The  compression  path 

is  the  Rayleigh  line  connecting  the  initial  state  ((T  , V ) with  the 

o o 

state  (Cr^,  V^)  on  the  metastable  extension  of  the  phase  I compression 
curve.  The  release  path  is  the  phase  I isentrope.  This  type  of  response 
1b  experimentally  observed  for  quartz  single  crystals  and  for  compact 
quartzite  loaded  to  peak  stresses  within  the  stability  field  of  coeslto.1 


Figure  1(c)  illustrates  rapid  (somewhat  overdriven)  phase  transition 
behavior.  A double  shock  forms  in  the  material;  the  compression  path  is 
from  the  initial  state  (0  , V ) to  a state  (0O,  V.)  on  the  metastable 

P O 2 2 

extension  of  the  compression  curve  of  phase  I and,  in  the  second  shock, 

from  (cr  , V ) to  the  state  (0  , V ) on  the  compression  curve  of  phase  II, 
2 2 3 3 


The  release  path  is  along  the  isentrope  of  phase  II  down  to  a state 

(CT  , V ) in  the  stability  field  of  phase  I and  thence  to  the  initial 
4 4 

state.  This  general  type  of  behavior  has  recently  been  observed  for 

2 

quartzite  and  feldspar  loaded  to  peak  stresses  of  about  50  GPa. 

Figure  1(d)  illustrates  time-dependent  phase  transition  behavior 

-3 

in  response  to  a stress  pulse  of  relatively  long  duration — e.g.,  10  sec. 
The  initial  compression  path  is  to  the  state  (ff^,  V ) on  the  metastable 
compression  curve  of  phase  I.  As  the  transformation  proceeds,  the  mate- 
rial relaxes  towards  the  state  <CT  , V_)  on  the  compression  curve  of 
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phase  II.  The  stress  is  relieved  and  the  material  expands  along  the 
isentrope  of  phase  II  down  to  zero  stress  before  transforming  back  to 
phase  I.  There  is  a hint  of  this  general  type  of  behavior,  on  a micro- 
second time  scale,  in  recent  Lagr&ngian  gage  measurements  of  the  response 
3 

of  dolomite.  However,  one  can  arguo  that  this  type  of  behavior  should 
be  fairly  common  on  a millisecond  time  scale  at  high  stresses  (and  con- 
comitunt  high  temperatures),  invoking  extrapolations  of  sparse  static 
high-pressure  phase-transition-rate  data. 

The  throe  oxamplcs,  Figure  1(b),  (o),  and  (d),  of  material  response 
were  presented  in  order  of  their  effect  on  stress-wave  attenuation.  If 
one  recalls  that  tho  area  enclosed  by  the  compression  and  release  paths 
is  the  internal  energy  increase  of  the  material,  one  need  not  invoke 
the  details  of  rarefuction  wave  propagation  to  realise  that  the  streas 
wave  would  bo  much  more  attenuated  by  a material  responding  as  in 
Figure  1(d)  than  by  a material  responding  as  in  Figure  1(b). 

Present  constitutive  models  of  silicate  bshavior  at  high  strsssss 
are  based  largely  on  Hugoniot  data  derived  from  rear-surface  measure- 
ments made  over  the  past  20  years.  Rear-surface  measurements  are  subject 
to  large  experimental  uncertainties  and  ambiguities  of  Interpretation  if 
the  material  response  is  complicated  by  phase  transitions.  That# 
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limitations  of  rear-surface  measurements  have  been  largely  circumvented 
by  the  recent  development  of  in-material  gages  to  measure  stress  and 
particle  velocity.  Lagrangian  analysis  of  properly  designed  in-material 
gage  experiments  permits  determination  of  complete  compression  and 
release  paths,  even  for  a material  that  undergoes  dynamic  phase  transi- 
tions. In  contrast  to  rear-surface  measurements,  Lagrangian  analysis 
of  in-material  gage  experiments  does  not  require  any  assumptions  of 
material  response  or  of  steady  wave  behavior,  although  one  does  require 
suitable  stress  and/or  particle  velocity  gages. 
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Prior  to  the  present  work,  experiments  with  in-material  stress 
gages  were  limited  to  the  region  below  50  GPa  and  calibration  data 
were  available  only  for  the  region  below  40  GPa.  One  of  the  objectives 
of  the  research  presented  here  was  to  develop  and  calibrate  a technique 
for  the  measurement  of  stress-wave  profiles  over  the  range  to  100  GPa. 
This  objective  has  been  achieved,  with  the  extension  of  the  range  of 
the  manganln  stress  transducer  to  approximately  125  GPa.  Using  a 
Lagrangian  array  of  in-material  gages,  we  have  measured  t « phase  transi- 
tion behavior  of  granite  at  a peak  shook  stress  of  80  GPa.  Tentatively, 
we  infer  that  previous  Hugoniot  measurements  do  not  accurately  describe 
the  respone  of  granite  in  the  stress  region  above  about  50  GPa. 
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II  THE  MANGANIN  PIEZORESISTANT  DYNAMIC  STRESS  TRANSDUCER 


Review  of  Earlier  Work — Calibrations  to  40  GPa 

Manganin,  an  alloy  nominally  of  84%  Cu,  12%  Mn,  and  4%  Ni,  was 

4 

first  used  as  a hydrostatic  pressure  transducer  by  Bridgman  in  1911. 

It  must  be  noted,  however,  that  Bridgman  credits  Lissel  with  the  first 

accurate  measurements  of  the  piezoresistivity  of  manganin  and  with  the 

5 

suggestion  that  manganin  be  used  as  a pressure  transducer.  In  1962, 

Fuller  and  Price  reported  measurements  of  the  dynamic  piezoresistance 
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of  manganin,  and  in  1964,  Bernstein  and  Keough  reported  on  their 

development  of  the  manganin  dynamic  stress  transducer.  Since  that  time, 

manganin  gages  have  become  widely  used,  both  as  in-material  gages  and 

as  rear-surface  gages,  to  instrument  stress-wave  experiments. 

As  an  in-material  gage,  the  manganin  transducer  is  imbedded  in  the 
material  under  investigation.  Insulation  layers,  necessary  if  the 
material  is  an  electrical  conductor,  are  made  as  thin  as  possible  in 
order  to  permit  the  transducer  to  rapidly  achieve  stress  equilibrium 
with  the  material.  The  rear-surface  gage  consists  of  a manganin 
transducer  imbedded  in  an  insulator  of  known  shock  properties.  This 
gage  is  bonded  to  the  rear  surface  of  the  material  under  investigation. 
The  stress  response  of  this  material  is  inferred  from  measurements  of 
the  stress  wave  transmitted  into  the  insulator. 

It  has  been  stated  that  the  reproducibility  of  manganin  stress- 
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wave  measurements  is  about  20%;  this  statement  was  apparently  based 
on  the  disagreement  between  the  Fuller  and  Price  results  and  the 
Bernstein  and  Keough  results.  However,  one  must  recognize  that  accuracy 
was  not  a prime  consideration  in  some  of  the  exploratory  studies  of  the 
dynamic  response  of  manganin.  More  recent  results  indicate  that  the 
dynamic  piezorealstance  of  manganin  is  highly  reproducible  and  that 
interlaboratory  agreement  is  excellent,  at  least  over  the  carefully 
studied  stress  range  of  2 to  15  GPa. 


Over  the  stress  range  of  2 to  15  GPa,  Barsis  et  al.  measured  a 

; dynamic  piezoresistance  coefficient  for  manganin  of  2.9%/GPa,  Stresses 

were  produced  by  plate  impact,  resulting  in  flat -topped  stress  waves, 
and  their  claim  of  1%  accuracy  in  stress  measurement  appears  justified. 
Their  gages  were  50-ohm  grids,  chemically  milled  from  Driver-Harris 
shunt  manganin  foil  (10  wt%  Mn,  3.5  wt%  Ni,  balance  Cu).  The  gages  had 
a sufficiently  high  resistance  to  permit  accurate  two-terminal  measure- 
ments, and  their  measurement  technique  (the  gage  formed  one  leg  of  a 
Wheatstone  bridge)  cannot  be  faulted.  They  do  not  so  state,  but  one 
may  infer  from  their  paper  that  the  reproducibility  of  their  stress- 
resistance  values  was  within  about  ± 3%.  Over  the  stress  range  of  0 to 
2 GPa,  their  data  indicate  that  the  dynamic  piezoresistance  coefficient 

1 

j increases  from  about  2.4%/GPa  (the  hydrostatic  value)  to  2.9%/GPa. 

! 

f Lee  has  also  made  accurate  measurements  of  the  piezoresistance 

\ of  manganin  over  the  stress  range  of  0 to  10  GPa.  His  measurements 

i 

\ were  made  on  1-ohm  four-terminal  gages  made  from  Driver-Harris  wire 

| (12  wt%,  Mn,  4 wt%  Ni,  balance  Cu)  imbedded  in  epoxy.  Despite  differences 

in  gage  construction,  manganin  composition,  and  meLSurement  techniques, 


Lee's  results  were  virtually  identical  with  those  obtained  by  Barsis  et 
al.  Lee's  stress  measurements  (of  flat-topped  stress  waves)  appear  to 
have  been  accurate  to  within  1%,  and  his  relative  resistance  measurements 
wers  apparently  of  similar  accuracy,  excopt  at  stresses  below  2 GPa, 


whore  one  may  infer  possible  errors  of  5%.  Lee  fitted  his  data  with  a 
cumbersome  fourth-order  polynomial  that  is  valid  only  over  the  range  of 
0 to  10  GPs.  Over  the  range  of  2 to  10  GPa,  however,  his  data  fit  a 


contact  geometries  to  produce  triangular,  rapidly  attenuating  stress 
waves  and  inferred  stress  from  shock  velocity  measurements.  Unless 
adequate  corrections  are  made  for  attenuation,  this  procedure  leads  to 
an  overestimate  of  stress.  One  may  infer  that  errors  in  stress  measure- 
ment, together  with  errors  in  two-terminal  resistance  measurement,  are 
adequate  to  account  for  the  discrepancy  between  their  results  and  more 
recent  results. 

Keough  and  his  co-workers  have  made  numerous  four-terminal  measure- 
ments of  the  dynamic  piezoresistance  of  manganin  in  various  insulators 
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over  the  stress  range  of  0 to  36  GPa.  ’ They  found  no  essential 
differences  between  the  response  of  wire  gages  (12  wt%  Mn)  and  the 
response  of  gages  photootehed  from  shunt  manganin  foil  (10  wt%  Mn)  at 
stresses  above  the  insulator  Hugoniot  elastic  limit  (HEL).  At  stresses 
below  the  insulator  HEL,  wire  gages  in  Lucalox  (fully  dense  A1  0 ceramic) 

2 o : 

had  an  anomalously  high  resistance  change,  relative  to  foil  results, 
that  was  attributed  to  the  effects  of  wire  deformation.  Keough  fitted 
his  data  to  a coefficient  of  2 . 9%/GPa  over  the  range  of  0 to  17  GPa. 

He  interpreted  his  higher-stress  data  in  terms  of  a decrease  in  the 
differential  pie2or&si stance ’coefficient  to  about  1.8  %/GPtt  over  the 
stress  range  between  17  and  36  GPa.  Keough  used  both  plate-impact 
(flat-topped  stress  waves)  and  explosive-in-eontact  (triangular  stress 
waves)  in  his  calibration  experiments,  and  the  accuracy  of  his  stress 
measurements  ranged  from  about  1%  for  the  best  plate-impact  experiments 
to  about  10%  for  some  of  the  explosive-in-contact  experiments.  It 
should  be  noted  that  Keough  did  not  make  extensive  measurements  in  the 
stress  range  below  2 GPa ; he  simply  extrapolated  his  higher  stress 
results  downward.  At  least  over  the  range  of  2 to  15  GPa,  the  results 
of  Keough  and  coworkers  appear  confirmed  by  the  subsequent  studies  of 
Lee  and  of  Bareis  ot  al.  The  scatter  In  Keough* s results  Is  largely 
ascribable  to  errors  in  stress  measurement  and  to  uncertainties  in  the 
Insulator  Hugoniots. 


The  piezoresistance  of  raanganin  has  been  less  intensively  studied 

jl  in  the  stress  range  obove  15  GPa.  Possible  errors  in  the  Fuller  and 

Price  studies,  which  extend  to  30  GPa,  have  already  been  noted.  Dremin 
14 

and  Kanel  made  two-terminal  measurements  of  the  response  of  1-ohm 
raanganin  gages  over  the  stress  range  of  10  to  45  GPa.  They  do  not 
estimate  the  accuracy  of  their  measurements;  one  may  infer  possible 
10%  errors  in  stress  determination  inherent  in  their  use  of  "standard" 
explosive-in-contact  geometries. 
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Lyle  et  al.  measured  the  dynamic  piezoresistance  of  raanganin  in 
six  experiments,  over  the  range  of  7.7  to  39  GPa.  Their  stress  determina- 
tions, based  on  flat-plate  impact  velocities,  are  inferred  to  have  been 
accurate  to  within  at  least  2%.  However,  their  two-terminal  resistance 
measurements  of  7-ohm  gages  may  have  been  of  lower  accuracy.  Their  data 
for  the  experiments  at  stresses  below  17  GPa  imply  a piezoresistance 
coefficient  of  2.7%/GPa,  which  is  significantly  less  than  the  value  of 
2.9%/GPa  cited  above.  Their  data  above  17  GPa  progressively  diverge 
from  Keough's  results,  although  they  do  support  Keough's  Inference  of 
a decrease  in  the  differential  piezoresist ive  coefficient  of  manganin, 

Lyle  et  al.  measured  a resistance  increase  of  38$  at  39.2  GPa;  if  one 
extrapolates  Keough's  calibration  from  36  GPa,  a 98%  resistance  increase 
would  correspond  to  a stress  of  about  46  GPa.  It  must  be  noted  that 
gpost  of  Keough’s  measurements  above  17  GPa  were  exploratory  in  nature; 
accuracy  of  stress  determination  was  not  a prims  consideration.  On 
the  othsr  hand,  the  major  uncertainty  in  the  Lyle  et  al.  two-terminal 


measurements  is  the  change  in  lead  resistance  at  High  shoot  stresses. 

At  40  GPa,  ths  calculated  Hugoniot  temperature  of  their  copper  leads  is 
about  300° £,  corresponding  to  a doubling  of  the  30°  C initial  lead 
resistance.  One  would  expect  an  additional  increment  in  lead  resistance 
4U*  to  lsttics  defects  generated  in  shock  compression,  and  further 
changes  in  lead  remittance  would  be  caused  by  lead  stretching  due  to 
divergectflow  where  the  lesde  exit  the  hlgh-atreae  region. 


It  must  be  noted  that  the  dynamic  calibrations  of  manganin  are 
based  on  the  response  of  manganin  to  a peak  stress  and  are  not  neces- 
sarily relevant  to  the  response  of  manganin  upon  subsequent  stress 
release.  Keough  has  noted  an  apparent  hysteresis  in  the  unloading 
piezoresistive  response  of  manganin;  the  final  resistance  of  a gage 
after  a load ing-un loading  cycle  is  higher  than  the  initial  resistance. 

The  magnitude  of  this  "permanent"  resistance  increase  ranged  from  2%  of 
the  initial  resistance  after  a 0-to-6-to-0  GPa  cycle  to  about  7%  after 
a 0-to-15-to-0  GPa  cycle.  Limited  calibration  data  obtained  in  step- 
release  experiments,  however,  indicated  that  the  piezoresistive  behavior 
of  manganin  during  release  appears  to  be  linear.  Barsis  et  al.  also 
noted  that  their  gages  failed  to  return  to  initial  resistance  values 
after  stress  release,  and  suggested  that  mechanical  damage  was  the  cause. 
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Barsis  et  al.  and  Rosenberg  et  al.  have  observed  that  the  dynamic 
piezoresistance  of  manganin  is  significantly  decreased  by  prior  cold 
work  (50%  reduction  in  thickness  by  rolling).  Rosenberg  et  al.  also 
noted  that  the  hysteresis  is  decreased  as  a result  of  the  cold  work. 

Both  groups  found  that  the  original  piezoresistance  was  regained  by 
annealing. 

Present  Work-- Call brat ion  to  125  0Pa>  (1250  kbar)  and  Unloading  Data 

The  material  used  in  the  present  study  was  0.001-inch-thick 
(0.025  mm)  manganin  foil  shunt  stock  from  the  Driver-Harris  Company. 
Harrison,  New  Jersey.  This  material  has  a nominal  composition  of  86%  Cu, 
10%  Mn,  4%  Nl,  and  is  from  the  same  roll  as  the  material  studied  by 
Keough  and  Wong.  All  measurements  were  mode  with  four-terminal  gages 
having  aspect  ratios  (wldth-to-thlckness)  of  at  least  20:1  in  order  to 
minimise  possible  two-dimensional  flow  effects.  The  gage  is  bonded 
between  plates  of  insulating  material  to  form  a gage  package  that  is 
bonded  to  the  rear  surface  of  a metal  base  plate. 


It  must  be  noted  that  the  details  of  raanganin  gage  construction  and 

packaging  are  crucial  to  successful  operation  in  the  stress  range  above 

about  45  GPa.  Many  of  the  insulators  commonly  used  in  gage  package 

construction  become  fairly  good  electrical  conductors  at  very  high  shock 

stresses.  The  gage  package  design  that  evolved  in  the  course  of  the 

present  study  is  illustrated  in  Figure  2.  The  manganin  gage  element  is 

bonded  between  plates  of  a material  known  to  remain  a good  insulator  at 

high  shock  stresses.  Fully  dense  A1J3  ceramics  and  fused  silica  were 
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found  to  meet  this  requirement.  The  insulators  and  gage  element  must 
be  bonded;  elimination  of  trapped  air  that  would  ionize  under  shock  com- 
pression is  more  important  than  mechanical  strength.  After  some  experi- 
mentation, we  adopted  a standard  bonding  medium  of  type  1100  Homalito 

epoxy,  loaded  with  31  wt%  0.3-ym  Qf-Al  0 powder.  The  A1  0 loading 
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appears  to  result  in  a somewhat  higher  resistivity,  relative  to  unloaded 
epoxy,  at  high  shock  stresses,  but  it  must  be  emphasized  that  the  resist- 
ivity of  even  the  loaded  epoxy  becomes  quite  low,  of  the  order  of  one 
ohm-cm,  at  shock  stresses  near  100  GPa.  Therefore  it  is  important  to 
minimize  the  area  of  the  shunt  path  through  the  loaded  epoxy  by  making 
the  bond  layer  as  thin  as  possible.  Typical  bond  layer  thicknesses 
achieved  were  0.033  mm,  including  the  0.025-am-thick  gage  element,  (The 

31  wt%  loading  of  Ai  Q was  the  highest  loading  compatible  with  minimum 
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bond-layer  thickness . ) The  length  of  the  shunt  path  through  the  epoxy 
is  maximised  by  the  geometry  of  the  gage  element,  and  the  relative 
effect  of  shunting  is  reductd  by  using  gages  of  very-low-impedanos. 

A flat -topped  shock  wave  la  produced  by  the  impact  of  an  explosively 
accelerated  metal  flyer  plate  cn  the  base  plate.  Since  the  Hugoniote 
of  the  flyer-plate  material  and  the  base-plate  material  are  known,  the 
■hock  etress  In  the  base  plate  can  be  determined  by  a tingle  measurement, 
either  of  flyer-plate  impact  velocity,  of  shock  velocity  in  the  base 
plate,  or  of  free  surface  veloetty  of  the  base  plate.  In  moet  of  the 
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present  experiments,  coaxial  self-shorting  pins  were  used  to  measure 
all  three  quantities  and  to  measure  the  planarity  of  flyer-plate  impact. 
In  general,  these  three  independent  measurements  of  base-plate  stress 
agreed  within  5%  or  better.  In  a few  experiments,  because  of  either 
oscilloscope  malfunction  or  a faulty  pin,  only  free-surf ace-velocity 
measurements  were  obtained.  For  these  experiments  our  worst-case 
estimate  of  the  accuracy  of  base-plat*  stress  measurement  is  ± 10%. 

The  stress  in  the  manganin  gage  package  is  determined  by  impedance 
matching  at  the  base-plate  gage-package  interface,  using  available 

* 

Hugoniot  data.  With  one  exception,  a fused  silica  gage  package,  Vistal 
(a  fully  dense  A1  0 ceramic)  was  used  as  the  gage  package  material  in 
the  calibration  experiments. 

Although  no  Hugoniot  measurements  have  been  reported  for  Vistal, 
per  ae,  one  may  note  that  Hugoniot  measurements  have  been  reported  for 
single-crystal  A1  0 and  for  various  A1  0 ceramics  over  the  stress 
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range  of  present  interest.  Since  the  single-crystal  data  and  ceramic 
data  are  identical  within  experimental  error  (in  the  pressure- volume 
plane),  we  feel  safe  in  presuming  that  the  single-crystal  Hugoniot 
adequately  represents  the  Vistal  Hugoniot. 


The  base-plate  materials  used  were  OFHC  copper  and  2024  T-fi 
aluminum,  chosen  because  their  Hugoniot a are  very  well  determined.  The 


release  adlsbat  of  copper  wss  assumed  to  be  identical  with  the  Hugoniot, 
in  order  to  calculate  the  stress  transmitted  into  Vistal  or  fused -quart* 
gage  packages.  Experimental  data  on  copper  free-surf ace  velocities 
indicate  that,  et  worst,  this  assumption  would  lead  to  only  s 2 % error 


of  internal  energy  differences  between  reflected  shock  states  and 
single  shock  states  in  aluminum,  together  with  available  P-V-E  equatlon- 
of-state  data  obtained  from  shock  experiments  with  porous  A1  samples, 
indicate  that  this  approximation  introduces  an  error  of  less  than  2%  in 
calculated  stress. 

In  some  experiments,  the  gage  packages  were  backed  by  a lower- 

impedance  material  to  provide  a step  release  to  an  intermediate  stress, 

calculated  by  assuming  the  release  adiabat  of  the  gage  package  material 

to  be  identical  with  its  Hugoniot.  Since  A1  0 is  relatively  incoopress- 
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ible  and  is  experimentally  found  to  undergo  no  phase  transitions  over 
the  stress  range  of  Interest,  this  assumption  is  reasonable  tor  Vlstal 
gage  packages.  Fused  quartz  is  highly  compressible  and  is  believed  to 
undergo  a phase  transition;  the  release  adiabat  is  expected  to  differ 
significantly  from  the  Hugoniot.  In  the  absence  of  accurate  experimental 
data,  we  can  only  bracket  the  range  of  possible  fused-quartz  release 
adlabats  by  extreme  assumptions  of  materlul  behavior  during  release. 

The  measurement  system  used  was  essentially  identical  with  the 

system  used  by  Ktough  and  Wong,  A constant  current  is  passed  through 

the  four-terminal  manganln  gage  and  the  voltage  across  the  central  portion 

between  the  voltage  leads  is  monitored  by  a camera -equipped  oscilloscope. 

The  power  supply  consists  basically  of  s 90-uP  capacitor  (charged  to 

500  V)  in  series  with  a ballast  resistor,  a silicon-controlled  rectifier 

(SCR)  switch,  and  tht  gags.  In  on  experimental  measurement,  the  power 

supply  is  triggered  & to  50  m prior  to  shock-wave  arrival  at  the  gage. 

The  initial  current  step  through  the  gage  is  recorded  as  a voltage  step, 

proportional  to  the  gage  resistance,  the  change  in  gage  resistance 

upon  ebook  wave  arrival  appears  as  an  additional  voltage  step  on  the 

oscilloscope  record.  The  ratio  of  resistance  change  A K to  initial 

resistance  B can  be  determined  from  the  measured  voltage  ratio 
0 

Av/V  , corrected  lor  tbs  effects  of  changing  lead  and  gage  resistances 
o 
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and  for  any  decay  of  capacitor  voltage  over  the  period  of  measurement. 

In  the  present  experiments  these  corrections  amount  to  less  than  1% 
and  can  be  ignored. 

Ideally,  the  voltage  ratio  Av/V  (and  therefore  the  resistance 

o 

ratio  A R/R  ) can  be  determined  to  an  accuracy  of  about  1%,  limited 
o 

primarily  by  oscilloscope  linearity.  Because  of  the  exploratory  nature 

of  the  present  experiments,  optimal  instrumentation  conditions  were 

not  predictable,  and  the  accuracy  of  A V/V  measurement  was  somewhat 

o 

lower,  but  generally  within  about  3%. 

The  major  source  of  error  and  the  major  problem  associated  with 
the  use  of  manganin  gages  at  very  high  shock  stresses  is  shunting 
caused  by  the  development  of  substantial  electrical  conductivity  in 
s hock -comp res sed  insulators.  In  the  present  work  we  have  attempted  to 
minimize  the  shunting  effect  by  careful  attention  to  gage  geometry  and 
construction  and  by  using  gages  of  very  low  impedance  (0.15  ohm).  This 
is  contrasted  with  the  usual  practice  of  using  1-to  10-ohm  gages  in  four- 
terminal  measurements  and  10-to-50-oh*  gages  in  two-terminal  measurements. 

A near-ideal  gage  record  (0.15-ohm  gage  In  Vistal)  at  80  i % UPa  is 
reproduced  in  Figure  3.  The  voltage-versus-time  profile  corresponds  in 
shape  and  duration  to  the  stress-versue-time  profile  calculated  from  the 
flyer-plate  impact  parameters.  Figures  4,5,6  and  ? are  gage  records  of 
f l^'-topped  106-tiPtt  stress  waves,  showing  the  effects  of  progressive 
improvements  in  gage  design.  The  l.&-ohm-foge  record  (Figure  4)  is 
virtually  useless  except  as  an  indication  of  stress-wave  time  of  arrival. 
Reduction  of  gage  impedance  to  0.15  ohm  (Figure  5)  resulted  in  a substantial 
improvement.  Although  the  gage  profile  ie  not  flat-topped,  the  droop 
could  be  interpreted  ae  the  result  of  the  progressive  increase  in  the 
area  of  tha  shunt  path  as  the  shock  propagated  through  the  gage  package. 


FIGURE  3 MANGANIN  GAGE  RECORO  AT  80  ±2  GPa 
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FIGURE  5 RECORD  OF  0.15-ohm  MANGANIN  GAGE  IN  EPOXY-BONDED  LUCALOX  AT  100-GPa  PEAK 


FIGURE  6 RECORD  OF  IMPROVED-GEOMETRY  0.15-ohm  MANGANIN  GAGE  AT  100  GPa,  WITH 
RELEASE  TO  71  GPa 


RECORD  OF  0.05-ohm  MANGANIN  GAGE  AT  100  GPa 


Figure  6 illustrates  the  results  of  improvements  in  gage  geometry 
and  construction,  with  a 0.15-ohm  gage  of  the  type  used  in  most  of  the 
present  calibration  experiments,  as  illustrated  in  Figure  2.  Another 
difference  in  the  gages  of  Figures  4 and  5 was  the  use  of  Vistal  instead 
of  Lucalox  as  the  gage  package  material.  However,  since  the  two  mate- 
rials are  similar,  fully  dense,  A1  0 ceramics  differing  only  in  grain 

a O 

size,  one  would  not  expect  them  to  differ  significantly  in  electrical 
conductivity  at  high  shock  stresses.  The  gage  package  of  Figure  6 was 
backed  by  aluminum  in  order  to  obtain  a step  release  to  approximately 
71  GPa.  The  correspondence  between  the  observed  voltage-versus-tirae 
profile  and  the  predicted  stress-versus-time  profile  is  greatly  improved, 
in  comparison  with  the  record  of  Figure  5.  The  presence  of  the  spike 
on  stress-wave  arrival  and  the  deviation  from  flatness  of  both  the  stress 
peak  and  the  release  step  are  evidence  that  shunting  has  not  been  com- 
pletely eliminated. 

Further  improvement  in  the  fidelity  of  the  manganin  gage  response 
was  attempted  via  reduction  of  gage  impedance  to  0.05  ohm  (Figure  7). 
Although  this  record  is  noisy,  one  can  observe  that  the  relative  resist- 
ance change  is  about  10%  larger  than  was  observed  with  the  0.10-ohm  gage 
at  the  same  stress  of  100  GPa.  One  may  deduce  from  the  shape  of  the  peak 
that  shunting  similar  in  character  to  that  of  Figure  6 is  still  present. 

Since  the  0. 15-ohm  and  0, 05-ohm  gages  were  geometrically  similar, 
one  can  calculate  an  average  resistance  of  about  10  ohms  for  the  shunt 
path  through  the  insulator  at  100  OPa.  Since  the  gage  current  leads 
are  manganin  and  since  they  also  change  resistance  upon  shock  arrival, 
it  is  appropriate  to  base  this  calculation  on  the  two-teminal  resistance 
of  the  gage,  measured  across  the  current-carrying  region  in  the  gage 
plane.  These  values  are  0.4  ohm  (for  the  0,15-ohm  gage)  and  0.1  ohm 
(for  the  0. 05-ohm  gage). 
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The  results  of  the  calibration  experiments  are  listed  in  Table  1. 

The  raw  resistance  ratios  are  based  on  measurements  of  the  flat  portion 
of  the  voltage  peak,  and  we  also  include  the  ratio  determined  from  the 
height  of  the  initial  spike,  where  present.  In  one  experiment,  a gap  in 
the  oscilloscope  trace  is  noted.  It  is  presumed  that  the  gap  was  due  to 
a voltage  excursion  (an  initial  spike)  that  exceeded  the  recording  capa- 
bility of  the  oscilloscope  camera.  The  corrected  resistance  ratios  listed 
in  Table  1 reflect  estimates  of  both  measurement  errors  and  the  magnitude 
of  the  shunting  correction  for  each  experiment.  In  estimating  the  shunting 
correction,  we  have  taken  into  account  the  presence  and  amplitude  of 
initial  spikes,  the  correction  at  100  GPa  inferred  from  experiments  with 
gages  of  different  impedance,  and  the  correspondence  between  observed 
voltage-versus-time  records  and  calculated  stress-versus-time  profiles. 

The  present  results,  sane  of  Keough's  higher-stress  data,  the  2-to- 
15-GPa  calibration  line,  and  the  results  of  Lyle  et  al.  are  plotted  in 
Figure  8.  Over  the  stress  range  of  15-to-125  GPa,  the  response  of 
manganin  appears  to  be  linear,  within  the  accuracy  of  the  experiments, 
and  both  loading  and  unloading  data  can  be  fitted  by  a piezoresistance 
coefficient  (over  the  stated  range)  of  about  2.1%  (±  0.2)/GPa.  If  one 
excludes  the  apparently  complex  region  below  2 GPa,  all  of  the  reliable 
data  on  the  dynamic  piezoresistance  of  manganin  can  be  adequately  fitted 
by  the  two-piece  linear  calibration  curve: 

35  GPa  (A  R/R  ) , 2 GPA  < P * 15  GPa 

o 

p ■ 

48  GPa  (A  R/R  ) - 5.6  GPa,  P * 15  GPa  . 
o 

The  data  of  Barsis  et  si.  and  of  Lee  on  the  response  of  manganin 
below  2 GPa  can  than  be  adequately  fitted  by  a second-order  polynomial: 

P - 42  GPa  (A R/R  ) - 120  GPa  (A  R/R  )2,  P < 2 GPa  . 

0 o 
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Table  1 

MANGANIN  GAGE  CALIBRATION  RESULTS 
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For  the  dynamic  loading  regime,  the  accuracy  of  this  three-piece 
calibration  curve  is  estimated  to  be  ± 5%  over  the  range  of  0 to  15 
GPa,  decreasing  above  15  GPa  to  about  ± 10%  over  the  range  of  30  to  125 
GPa.  On  the  basis  of  present  evidence,  the  same  calibration  curve  applies 
to  the  unloading  response  of  manganin,  with  an  estimated  accuracy  of 
± 10%  over  the  entire  range  and  an  additional  constant  error  term  of 
+ 0 to  3 GPa.  The  constant  error  term  is  a reflection  of  the  observed 
hysteresis,  the  "permanent"  resistance  change  of  a manganin  gage  after 
unloading  from  high  dynamic  stress. 

Discussion 

The  piezoresistance  of  manganin  appears  to  be  remarkable  well 
behaved  over  the  entire  dynamic  stress  range  of  0 to  125  GPa,  for  both 
loading  and  unloading.  Although  a more  accurate  calibration  in  the 
high  stress  region  would  be  desirable,  the  manganin  gage  is  now  suffi- 
ciently well  developed  for  practical  use  in  the  study  of  complex  phenomena 
such  as  dynamic  phase  transitions  over  the  stress  range  to  125  GPa. 

We  note  that  Murri  and  his  coworkers  have  used  in-materlal  Lagrangian 
arrays  of  manganin  stress  gages  to  obtain  loading  and  unloading  patha 
(in  the  pressure-volume  plane)  for  quarts,  feldspar,  and  dolomite  rocks 
over  the  stress  range  to  about  50  GPa.  It  now  seems  possible  to  extend 
the  Lagrangian  gage  technique  to  much  higher  stresses,  provided  that  the 
materials  of  Interest  do  not  become  excessively  good  electrical  conductors 
under  shock  compression. 

In  interpreting  the  results,  of  very-high-stress  manganin  gags 
measurement*,  the  greatest  Uncertainty  is  associated  with  the  possibility 
of  shunting  Cue  to  shock-induced  conductivity  effects  in  the  surrounding 
material.  This  uncertainty  can  be  greatly  reduced  by  using  two  gages, 
geometrically  similar  but  differing  In  initial  Impedance  by  about  a 
factor  of  two,  In  each  gage  plane  of  an  in-material  gage  experiment.  Any 


difference  in  gage  response  would  serve  as  a basis  for  estimating  the 
shunting  correction.  It  must  also  be  noted  that  we  interpret  our 
successful  use  of  0.05-ohm  manganin  gages  as  an  indication  that  gages 
of  even  lower  initial  impedance,  perhaps  as  low  as  0.005  ohm,  should  be 
tried. 


Ill  MUTUAL- INDUCTANCE  PARTICLE  VELOCITY  GAGE 


The  mutual-inductance  particle  velocity  gage  has  been  extensively 
developed  for  use  in  a low-stress  (0  to  2 GPa)  environment.  The  gage 
is  currently  in  laboratory  use  and  it  has  been  successfully  used  in  the 
field  in  the  Essex,  Mixed  Company,  and  Pre-Dice  Throw  programs. 

The  gage  consists  of  interleaved  primary  and  secondary  windings 
imbedded  in  an  insulating  matrix.  The  primary  winding  is  energized  by 
a constant  current  prior  to  stress-wave  arrival.  On  stress-wave  arrival, 
the  length  of  the  gage  changes  and  the  mutual  inductance  therefore 
changes,  with  the  result  that  a signal  is  generated  in  the  secondary 
winding.  Particle  velocity  u and  signal  voltage  E are  related  through 
the  equation 


E * (M  I/L)  u 

where  M is  the  mutual  inductance,  I is  the  current  in  the  primary, 
and  L is  the  gage  length. 

To  adapt  this  gage  to  the  very-high-stress  region  (100  GPa),  a 
primary  requirement  is  that  the  gage  be  Imbedded  in  a material  that 
remains  a reasonably  good  insulator  at  such  high  shock  stresses.  If  the 
environment  is  noisy,  shielding  will  be  necessary,  and  it  is  important 
to  detenalne  the  sensitivity  of  the  gage  to  a nearby  moving  conductor 
(the  shield). 

A prototype  gage  was  constructed,  using  a fused  silios  insulating 
matrix.  Fused  silica  remains  a good  insulator  up  to  very  high  shock 
stresses.  The  design  is  illustrated  in  Figure  9. 

For  the  experiment,  we  used  a standard  aluminum  gas  gun  projectile, 
modified  by  the  addition  of  s 61-mm-long  solid  Luclte  head  extension  to 


FIGURE  9 SCHEMATIC  DIAGRAM  OF  MUTUAL  INOUCTANCE  PARTICLE -VELOCITY  GAGE  EXPERIMENT 


which  was  attached  a 6.4-rara-thick  Lucalox  (A1  0 ceramic)  head.  This 

2 3 

projectile,  accelerated  by  maximum  helium  pressure  (41  GPa)  in  the  SRI 
63  mm  gas  gun,  impacted  the  fused  silica  gage  package  at  a velocity  of 
0.773  km/s.  Using  available  Hugoniot  data  for  fused  silica  and  for 
A1  0 ceramic,  together  with  the  measured  impact  velocity,  we  calculated 

a O 

an  impact  stress  of  7 GPa  and  a particle  velocity  in  the  fused  silica 
of  0.60  km/s.  Analysis  of  the  gage  record  (Figure  10)  yielded  a peak 
particle  velocity  of  0,55  km/s,  about  8%  below  the  predicted  value. 
Possible  errors  in  either  the  prodiction  r r the  analysis  of  the  record 
are  large  enough  to  account  for  the  discrepancy. 

In  a previous  test  of  this  gage  package  we  used  a special  non* 
conductive  gas  gun  projectile  because  we  feared  that  the  response  of 
the  gage  would  be  perturbeu  by  the  proximity  of  a rapidly  moving 
conductor,  Our  failure  to  obtain  data  in  that  experiment  was  attributed 
to  projectile  breakup  during  acceleration.  Since  we  did  not  wish  to  be 
sidetracked  by  problems  of  nonconductive  projectile  development,  we 
simply  added  a nonconductive  extension  to  a standard  aluminum  projectile 
for  the  second  experiment.  We  did  not  know  how  long  the  extension  had 
to  be,  to  avoid  perturbation  of  the  gage  response  by  the  aluminum 
portion  of  the  projectile.  However,  since  attsinabls  impact  velocity 
decreases  with  Increasing  projectile  mass,  maximum  impact  velocity  was 
s conflicting  requirement.  The  51«mm  length  chosen  eee  a compromise 
value,  based  on  experience  with  loop-type  electromagnetic  particle 
velocity  gages.  Ve  therefore  used  an  additional  oscilloscope  to  monitor 
the  gage  output  during  projectile  approach.  We  were  able  to  observe  no 
signal  attributable  to  perturbations  by  the  conductive  portion  of  the 
projectile.  The  first  signal  observed  corresponds  to  the  expected 
arrival  of  the  stress  wave  st  the  gage. 


£ 
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separation  of  51  mm  was  sufficient  to  isolate  the  gage  from  perturbations 
by  a conductor  moving  at  0.77  km/s.  It  should  be  practical  to  develop 
shielding  techniques  to  permit  use  of  the  mutual-inductance  gage  in  an 
electrically  noisy  environment. 


i 
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FIGURE  10  MUTUAL ‘INDUCTANCE  GAGE  RECORD.  0.6  km/»  PEAK  PARTICLE 
VELOCITY 


IV  HUSKY  PUP  DEBRIS  COUPLING  EXPERIMENT 


The  Husky  Pup  Debris  Coupling  Experiment  (DCE)  was  motivated  by 
the  need  to  test  the  accuracy  of  computational  modeling  of  the  shock 
wave  produced  by  the  impact  of  debris  accelerated  by  a nuclear  explosion. 
In  essence,  the  problem  was  to  design  a practical  physical,  experiment 
that  would  also  be  simple  and  unambiguous,  from  a computational  view- 
point. The  experiment  chosen  was  the  impact  of  device-accelerated 
debris  on  a surface  of  a large  block  of  homogeneous  material.  Trans- 
ducers within  the  block  would  provide  data  on  shock-wave  parameters  for 
f comparison  with  computational  results.  The  block  had  to  be  large,  so 

■ that  neither  the  transducers  nor  the  computation  would  be  affected, 

over  the  times  of  interest,  by  shock-wave  interactions  originating  at 
i lateral  material  interfaces. 


f 

»■ 
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The  largest  size  block  compatible  with  tunnel  dimensions  of  the 
Husky  Pup  experiment  would  be  a cylinder  about  8-feet  (2.4  m)  in  diameter; 
with  this  maximum  diameter,  a length  of  10  feet  (3  m)  would  be  sufficient. 
Granite  was  chosen  as  the  material  for  the  block  because  it  met  all  of 
the  experimental  requirements  and  was  much  leas  costly  than  alternative 
materials  such  as  metals  or  glasses.  To  minimize  fabrication  costs, 
the  cylindrical  cross-section  was  approximated  by  an  octagonal  shape, 

3 feet  (2.4  m)  across  the  flats. 

The  center  of  one  end  of  the  granite  quasi -cylinder  was  to  be 
impacted  by  the  debris,  flat-bottomed  holes,  4 Inches  (0.1  m)  and  8 
inches  (0.2  m)  diameter,  were  core-dri tied  from  the  other  end  of  the 
quasi-cylinder  with  their  axes  directed  toward  the  working  point. 
Aluminum-shielded  core  assemblies,  containing  various  in-granite  ahook- 
wave  transducers  were  to  be  placed  id  these  holes.  An  essential  experi- 
mental requirement  was  that  the  shock  propagation  characteristics  of 
the  core  assemblies  match  the  surrounding  grand  teas  closely  as  possible. 
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SRI  was  initially  committed  to  design,  fabricate,  test,  and  field 
six  manganin  stress  gages  in  the  Husky  Pup  DCE,  We  actually  fielded 
six  active  manganin  stress  gages,  one  background  (unpowered)  manganin 
gage,  and  one  aluminum  temperature  gage.  Despite  power  supply  failure, 
apparently  the  result  of  preshot  flooding  of  the  power  supply  alcove, 
excellent  shock-wave  time-of-arrival  data  were  obtained  that  complement 
the  time-of-arrival  data  obtained  by  the  other  DCE  experimenters.  These 
time-of-arrival  data,  together  with  available  equation-of -state  data  on 
granite,  indicate  that  actual  stresses  at  various  propagation  distances 
were  approximately  double  the  computationally  predicted  values. 

It  must  be  noted  that  the  DCE  was  an  add-on  to  a previously  planned 
and  tightly  scheduled  nuclear  experiment.  Planning  of  the  DCE  took 
place  concurrently  with  the  laboratory  development  of  the  experimental 
techniques  that  were  used;  improvements  in  the  design  of  the  DCE  were 
being  made  within  2 months  of  the  scheduled  Husky  Pup  execution  date. 

In  this  section  we  initially  discuss  the  laboratory  studies  that  were 
performed  in  support  of  the  design  of  the  DCE,  These  studies  were: 
measurement  of  granite  resistivity  at  high  shock  stresses,  in-granite 
manganin  gage  experiments,  and  EMP  simulations  to  test  shielding  designs. 
We  then  discuss  gage  system  design  and  construction,  fielding,  and 
experimental  results  of  the  DCE. 

Laboratory  Measurements 

Granite  Resistivity  at  High  Shock  Stresses 

Two  experiments  were  performed  to  measure  the  electrical  resistivity 
of  Raymond  granite  at  high  shock  stresses.  Granite  samples  2 am  thick 
by  20  mm  square  were  mounted  on  the  copper  baae  plates  of  Experiments 
3694-1-3  and  3654-1-4.  Bach  sample  was  backed  by  an  anvil  made  up  of  a 
oopper  electrode  3.1  am  in  diameter  surrounded  by  a close  fitting  Lueslox 
ring  12  m 0,0.  Zn  order  to  avoid  sir-filled  spaces,  which  would  ionize 


under  shock  loading,  the  assemblies  were  bonded  with  0.01-mm-thick 
layers  of  Homalite  1100  epoxy.  A 1-ohm  viewing  resistor  was  connected 
in  parallel  with  the  sample — i.e.,  between  the  base  plate  and  the  rear 
copper  electrode.  Prior  to  shock  arrival  at  the  sample,  a constant- 
current  pulse  of  about  5A  was  passed  through  the  resistor,  and  the 
voltage  across  the  resistor  was  monitored  with  an  oscilloscope.  A 
substantial  decrease  in  the  resistivity  of  the  granite  sample  would 
produce  a voltage  decrease  due  to  shunting  of  the  1-ohm  resistor. 

The  experiments  were  designed  to  measure  sample  resistivities 
over  the  range  of  interest  for  gage  design  purposes,  from  about  0.02  ohm- 
cm  to  about  100  ohm-cm.  For  values  outside  that  range,  we  obtain  only 
upper  or  lower  limits.  One  may  note  that  if  the  sample  resistivity 
at  pressure  exceeds  100  ohm-cm,  the  shunting  of  in-material  manganin 
gages  will  be  negligible,  for  any  reasonable  gage  design.  For  sample 
resistivities  below  0.02  ohm-cm,  the  gages  will  have  to  be  insulated 
with  some  other  material. 

Excellent  records  were  obtained  in  the  two  experiments,  with 
copper-base-plate  stresses  of  150  GPa  and  95  GPa,  Because  of  the  lower 
shock  impedance  of  granite,  relative  to  copper,  the  initial  shock 
transmitted  into  the  sample  was  less  than  half  the  base-plate  stress, 
but  the  granite  approached  stress  equilibrium  with  the  base  plate  via 
successive  shock  reflections  from  the  anvil  and  the  base  plate  alter- 
natively. It  should  be  noted  that  the  internal  energy  increase 
associated  with  a peak  stress  reached  «ia  reflected  shocks  will  general- 
ly be  lower  than  the  internal  energy  associated  with  a peak  stress 
reached  via  a single  shock.  Voltage  decrease  steps  on  both  records 
could  be  time-correlated  with  the  arrival  of  the  first  shook  at  the 
rear  electrode  and/or  arrival  of  reflected  shocks  at  either  the  base 
plate  or  the  rear  electrode.  The  resistance  of  the  shunt  path  through 
the  sample  is  calculated  from  the  voltage  ratio,  and  a raw  resistivity 
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is  calculated  by  assuming  that  the  sample  area  is  equal  to  the  area 
of  the  rear  electrode,  and  that  the  sample  length  is  equal  to  the 
initial  sample  thickness.  The  raw  resistivity  can  be  corrected  for 
the  decrease  in  sample  thickness  due  to  shock  compression  and  for  the 
f ringing-field  effect.  We  can  also  estimate  the  magnitude  of  the 
correction  that  results  from  our  use  of  epoxy  to  bond  the  assembly. 
Keeler  has  stated  that  epoxy  becomes  a good  conductor  above  about 
30  GPa;  we  interpret  this  to  imply  a resistivity  below  1000  ohm-cm. 

We  measured  the  resistivity  of  epoxy  to  be  about  2 ohm-cm  at  70  to  80 
GPa  in  a ref lected-shock  experiment.  In  the  granite  resistivity  experi- 
ments, the  epoxy  correction  is  negligible,  provided  that  the  epoxy 
resistivity  is  in  the  range  of  1 to  100  ohm-cm  at  the  pressures  of 
interest.  If  the  epoxy  resistivity  is  as  high  1000  ohm-cm  at  pressure 
(which  we  consider  highly  unlikely),  it  has  the  effect  of  a 10-ohra 
resistor  in  series  with  the  granite,  and  our  inferred  granite  resistivi- 
ties err  on  the  low  side.  If  the  epoxy  resistivity  is  substantially 
lower  than  the  granite  resistivity  at  pressure,  the  area  of  the  rear 
electrode  is  effectively  increased,  and  our  granite  resistivities  err 
on  the  low  side.  In  Table  2 we  include  an  estimate  based  on  reasonable 
extremes  of  epoxy  behavior. 

In-Granite  Gage  Experiments 

Experiments  with  in-granite  munganin  gages  were  initiated  as  soon 
as  it  became  evident  that  granite  would  probably  be  used  in  the  Husky 
Pup  Debris  Coupling  Experiment.  Initially  we  used  Bradford  granite, 
because  it  was  on  hand,  but  Kaymond  (Husky  Pup)  granite  was  used  for 
the  later  experiments.  The  major  purpose  of  these  in-granite  gage 
experiments  was  to  provide  us  with  information  and  experience  applicable 
to  the  design  of  ln-granite  gages  for  the  Debris  Coupling  Experiment. 
Accordingly,  most  of  the  iu-granite  gage  experiments  were  add-ons  to 
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to  use  carefully  designed  gages  of  very  low  impedance  to  minimize  the  shunting  effect. 


gage  calibration  experiments.  In  general,  the  uniform  stress  region 
of  a base  plate  was  reserved  for  time-of -arrival  pins  and  calibration 
experiments;  the  less  uniform  (but  higher  peak-stress)  region  was  used 
for  the  in-granite  gage  assemblies. 

The  first  in-granite  gage  records  were  extremely  noisy.  Since 
the  onset  of  the  noise  coincided  with  shock  arrival  at  the  granite, 
about  300  ns  prior  to  shock  arrival  at  the  gage  plane,  we  inferred  the 
noise  to  be  piezoelectric,  ascribable  to  the  compression  of  quartz 
crystals  present  in  the  granite.  Our  initial  approach  to  the  noise 
problem  was  to  increase  the  gage  viewing  current,  thereby  increasing 
the  signal  and  the  signal-to-noise  ratio.  Subsequently,  when  it 
became  apparent  that  transformer  coupling  would  be  necessary  in  Husky 
Pup  (to  make  the  transition  between  100-ohm  RG-22  and  50-ohm  RG  331), 
we  tested  a commercial  off-the-shelf  transformer  in  an  in-granite  gage 
experiment.  Despite  an  impedance  mismatch  (the  transformer  was  designed 
for  75-ohm  and  124-ohm  cable)  the  transformer  worked  very  well  and  also 
served  to  filter  out  most  of  the  piezoelectric  noise.  Accordingly, 
custom  transformers  were  ordered  for  Husky  Pup  use.  Additional  tests, 
including  some  dedicated  experiments  with  long  pulse  duration  explosive- 
in-contact  geometries,  were  performed  to  test  the  longer-torm  surviva- 
bility of  various  gage  geometries  and  to  test  the  performance  of  the 
prototype  Husky  Pup  gage  system  under  simulated  field  (long  cables) 
conditions. 

In  the  course  of  these  in-granite  gage  experiments,  we  observed 
an  apparent  anomaly  in  gage  response  at  stresses  in  granite  above  an 
estimated  60  GPa.  Although  the  ln-Vistal  gage  records  on  the  same 
base  plate  were  clearly  flat-topped,  in  accordance  with  the  stress  wave 
shape  expected  from  flyer-plate  impact,  the  in-granite  records  indicated 
a triangular  stress  wave  shape.  These  in-granite  records  could  be 
interpreted  as  the  result  of  shunting,  the  result  of  gage  placement  in 


a nonunifrom  stress  region,  or  the  result  of  stress  relaxation  caused 
by  phase  transformations  in  the  granite. 

In  the  final  tests  of  in-granite  gages,  the  uniform  stress  region 
of  the  base  plate  was  used.  Time-of-arrival  pins  (for  stress  calibra- 
tion) and  in-Vistal  gages  were  also  placed  in  the  uniform  stress  region. 
Each  granite  assembly  contained  a Lagrangian  array  of  three  0.05-ohm 
gages  (identical  in  impedance  with  Husky  Pup  gages).  The  experiments 
also  served  as  a test  of  the  Husky  Pup  field  power  supplies  and  custom 
signal  transformers.  Two  base-plate  assemblies,  each  of  which  contained 
stress  calibration  pins,  and  one  in-granite  Lagrangian  gage  experiment, 
were  shock-loaded  by  replicate  flyer-plate  systems.  On  the  basis  of 
the  base-plate  stress  (determined  from  the  pin  records)  and  existing 
Hugoniot  data  for  granite,  one  could  predict  flat-topped  stress  records, 
with  the  manganin  resistance  change  corresponding  to  a peak  stress  of 
65  GPa,  and  with  no  attenuation  of  peak  stress  over  the  wave  propagation 
distance  spanned  by  the  gage  planes. 

In  both  experiments  the  gage  records  obtained  differed  substantially 
from  these  predictions.  The  stross  waves  were  not  flat-topped,  the  peak 
stress  inferred  from  the  manganin  resistance  change  was  80  GPa,  and  peak 
stress  attenuated  sharply  with  distance  of  wave  propagation  into  the 
granite.  The  in-Vistal  records  did  show  a flat-topped  peak  of  the 
predicted  duration. 

We  lnterpet  these  results  in  terms  of  the  phase  transition  behavior 
of  quartz  and  feldspar,  major  constituents  of  Raymond  granite.  The 
granite  shocks  up  to  a aetastable  state  and  begins  to  transform  to 
denser  phases,  resulting  in  the  observed  stress  relaxation.  We  infer 
that  currently  accepted  Hugoniot  data  for  granite  (and  perhaps  for  other 
rocks,  as  well)  may  be  significantly  in  error  in  the  stress  region  above 
about  SO  GPa.  The  discrepancy  between  our  results  and  earlier  work  is 
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ascribable  to  the  rapid  attenuation  of  the  shock  in  granite,  a phenomenon 
that  was  not  easily  measured  before  the  development  of  in-material  stress 
gages. 


In  terms  of  the  internal  energy  increase  of  the  shock -compressed 
material,  we  conservatively  estimate  20%  higher  values  than  would  be 
predicted  from  earlier  Hugoniot  data,  assuming  the  same  stress-wave 
input  (corresponding  to  our  experiments)  for  both  estimates. 

EMP  Simulations 


i 

t 
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To  minimize  shunting  by  shock-induced  conductivity  of  the  granite, 

it  was  necessary  to  use  manganin  gages  of  very  low  impedance  (0.05  ohm) 

in  the  Husky  Pup  experiment.  Viewing  current  was  to  be  limited  to  about 

2 

20  A to  avoid  excessive  I R heating  of  the  gages.  Anticipated  manganin 
resistance  changes  at  pressure  were  of  the  order  of  200%,  and  the  corre- 
sponding signal  would  be  about  2 V.  Effective  EMP  shielding  of  the 
system  was  therefore  critical. 

A simple  mockup  of  the  gage  system  was  constructed  and  tested  in 
a simulated  EMP  environment.  These  tests  were  designed  and  performed 
by  Art  Whitson  and  Robert  Bly  of  SRI's  Electromagnetic  Science  Laboratory. 
Although  the  primary  purpose  of  these  tests  was  to  discover  and  correct 
any  weaknesses  in  the  design  of  the  gage  system,  the  tests  also  provided 
excellent  training  for  the  personnel  who  would  Install  the  field  system. 

The  EMP  was  simulated  by  a triggered  capacitor  discharge  into  a 
terminated  transmission  line,  one  leg  of  which  consisted  of  the  mockup 
of  the  proposed  gage  system.  Crucial  elements  of  the  mockup  (gage 
placement  and  layout,  shield  placement,  cable  types,  signal  transformer, 
and  power  supply)  were  identical  with,  the  field  system.  Granite  was 
conservatively  modeled  by  styrofoam,  and  cable  lengths  were  necessarily 
Mich  shorter  than  field  lengths,  but  these  differences  did  not  affect 
the  validity  of  the  simulation.  Capacitor  voltages  of  up  to  50  kV  were 
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used  to  drive  currents  up  to  600  A in  the  outer  shield  of  the  mockup, 
and  voltages  induced  in  the  gage  circuit  were  monitored  through  the 
output  of  the  signal  transformer. 

These  tests  disclosed  the  need  for  additional  shielding  of  the 
power  and  signal  cables  in  the  region  between  the  granite  block  and  the 
power  supply.  The  added  shielding  of  a double  layer  of  copper  braid 
surrounding  the  power-signal  cable  pair  for  each  gage  performed  well  in 
the  simulation  tests  and  was  used  in  Husky  Pup. 

These  tests  also  disclosed  the  vulnerability  of  the  power  supply 
enclosures  to  RF  penetration  via  the  ac  line  and  via  control  and  status 
indication  cables.  Robert  Dly  designed  an  appropriate  system  of  filters, 
surge  arrestors,  an  isolation  transformer,  and  a power  contactor  to 
harden  the  ac  line  entry.  Hardening  of  the  control  and  status  indication 
cables  (or  power  supply  redesign)  did  not  appear  possible  within  the 
available  time  before  Husky  Pup  execution.  The  only  apparent  solution 
was  to  disconnect  these  cables  during  the  period  of  last  possible  access 
to  the  power  supply  alcove.  It  would  also  be  necessary  to  disuble  the 
power  supply  crowbar  circuits  at  this  time.  No  further  tests  of  the 
gage  system  would  be  possiblo  prior  to  the  actual  experiment,  for  without 
the  crowbar  circuit,  which  limits  the  length  of  the  curront  pulse  through 
the  gage,  the  gages  would  be  destroyed  in  dry  runs.  Furthermore,  there 
would  be  no  wuy  of  determining  whether  the  power  supplies  were  operative 
immediately  prior  to  the  execution  of  Husky  Pup. 

Page  System  Design  and  Construction 

The  essential  components  of  the  system  were  four-terminal  in-granite 
gages  (seven  mangonln  piezoresistive  stress  gages  and  one  aluminum- 
resistance  temperature  gage),  down-hole  power  supplies,  recording  instru- 
ments, cables,  and  shielding.  It  wus  necessary  to  use  very -low- imped once 
mangauin  gages  in  order  to  minimize  shunting  due  to  shock-induced 


(and  perhaps  also  radiation-induced)  electrical  conductivity  of  the 
granite.  Four-terminal  measurements  were  necessary,  as  opposed  to 
two-terminal  measurements,  in  order  to  accurately  measure  the  resis- 
tance changes  of  the  low-impedance  gages.  Because  of  the  limited 
number  of  up-hole  cables  available,  it  was  necessary  to  put  the  power 
supplies  in  an  alcove  near  the  Working  Point,  thereby  reducing  the 
number  of  required  high-quality  up-hole  cables  from  32  to  8. 

The  severe  EMP  environment  necessitated  exceptionally  good 

shielding,  combined  with  the  highest  possible  signal  levels.  In  a 

four-terminal  resistance  measurement,  the  voltage  output  is  IR,  the 

product  of  the  gage  resistance  and  the  viewing  current,  but  the  heating 
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effect  of  the  current  is  proportional  to  I R.  Since  the  manganin  gage 

would  be  subjected  to  a large  temperature  increase  on  shock  compression 

and  a temperature  increase  due  to  radiation,  we  arbitrarily  decided  to 
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limit  the  additional  I R heating  to  the  amount  that  would  produce  a 
0 

100  C rise  over  200  us.  This  limit  corresponded  to  a viewing  current 
of  about  20  A,  and  the  expected  resistance-increase  signal  at  100  OPa 
(one  megabar)  would  be  about  2 V,  for  a manganin  gage  having  an  initial 
resistance  of  about  0.05  ohm. 

The  basic  requirement  for  the  power  supply  was  that  it  supply  u 
constant  current  of  20  A for  a period  of  about  200  u«.  The  power 
supply  must  be  triggerable,  so  that  the  current  pulse  can  be  started 
at  a predetermined  time  before  arrival  of  the  stress  wave  at  the  gage. 
To  permit  test  pulsing  of  the  gage,  one  needs  a "crowbar"  circuit  to 
shut  off  the  current  pulse  before  the  gage  is  destroyed  by  excessive 
heating.  In  the  actual  experiment,  however,  the  crowbar  is  unnecessary 
and  is  preferably  disconnected,  to  ensure  that  the  current  pulse  is  not 
shut  off  prior  to  stress-wave  arrival  at  the  gage. 
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A simple  capacitor-discharge  system,  essentially  a modified  version 

of  the  standard  manganin  gage  power  supply  developed  at  SRI  12  years 

ago,  was  designed  to  meet  the  power  supply  requirements.  A simplified 

diagram  of  the  gage  system  is  given  in  Figure  11.  The  power  supply  is 

basically  a charged  capacitor  in  series  with  a switch  (SCR)  and  various 

resistances,  including  the  gage  resistance.  The  capacitor  has  a value 

of  1000  uF  and  is  charged  to  500  V;  the  sum  of  the  series  resistances 
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is  about  25  ohms.  With  an  RC  time  constant  of  2.5  x 10  s,  the  initial 
20 -A  gage  current  decays  by  only  1%  over  a period  of  250  us,  assuming 
that  the  series  resistance  remains  constant.  The  series  resistance  is 
composed  of  a 20-ohm  ballast  resistance,  a 3.4-ohm  cable  resistance 
(over  the  run  between  the  power  supply  and  the  granite  block),  the 
0.05-ohm  gage  resistance,  and  about  0.2  ohm  for  the  resistance  of  the 
gage  leads  in  the  granite  block  (from  the  gage  plane  to  the  rear  of 
the  granite  block).  We  can  neglect  the  shunting  effect  of  the  signal 
circuit  resistance  (>  100  ohm)  in  parallel  with  tho  gage  resistance. 

Upon  stress-wave  urrivul  the  resistance  of  the  gage  olement  will 
increase  by  about  220%  for  100  CPa  (one  megabur),  The  manganin  portion 
of  the  current  leads  (about  0.05  oha  in  tho  gage  plane)  will  increase 
in  resistance  similarly.  The  aanganin  leads  are  welded  to  copper  foil 
leads  that  will  be  progressively  shock-heated  as  the  shock  propagates 
through  the  t*anlte.  As  s result  of  the  shock  heating,  the  copper 
leads  will  increase  in  resistance  by  300  to  400%,  Since  we  wonted  to 
continue  recording  aanganin  resistance  over  about  10  ue  after  shock 
arrival,  the  change  in  resistance  of  the  copper  leads  in  the  region 
near  the  gage  Had  to  be  considered.  We  ainieized  the  effect  by 
keeping  the  copper  foil  lead  resistance  low  (about  0.02  oha)  over  the 
region  between  the  gage  plane  and  a transition  plan  about  10  os  down- 
strsaa,  where  the  foil  leads  were  Joined  to  #16  copper  wire  leads,  which 
ran  to  tho  rear  of  the  granite  block.  Although  gage  failure  was  expected 


to  occur  before  the  shock  reached  the  transition  region,  we  must  note 
that  the  ft  16  copper  wire  leads  (about  0.08  ohm  initial  resistance) 
would  be  subject  to  radiation  preheat  and  could  possibly  double  in 
resistance  over  the  period  of  time  between  nuclear  zero  and  shock  wave 
arrival . 

The  total  of  these  resistance  changes  is  small — less  than  2%  of 
the  initial  series  resistance  of  the  discharge  circuit — and  the  constant- 
current  conditions  are  not  substantially  changed. 

The  full  power  supply  schematic  diagram  is  given  in  Figure  12. 

Since  1000-u.F  capacitors  of  the  required  voltage  rating  were  either  not 
available  in  time  or  were  prohibitively  expensive,  series-connected 
2000-u.F  capacitors  were  substituted.  The  circuit  was  laid  out  symmetri- 
cally, to  minimize  EMP  problems.  As  noted  previously,  the  ready-light 
circuit  and  the  crowbar  circuit  were  disconnected  prior  to  the  actual 
experiment.  The  peak  capacitor  voltage  is  regulated  by  a zener  string; 
isolation  resistors  between  the  zener  string  and  the  capacitors  provide 
protection  against  the  effects  of  radiation-induced  zener  failure  at 
nuclear  zero  (perhaps  a remote  possibility).  The  temperature-guge  power 
supply  differed  only  in  its  use  of  50-ohm  ballast  resistors,  limiting 
viewing  current  to  5 A. 

A complete  power  supply,  including  the  capacitor  charging  circuit, 
was  constructed  for  each  active  gage.  Mil-spec  (1200  components  were 
used,  in  recognition  of  possible  high  temperatures  in  the  instrumentation 
alcove  during  grout  curing,  and  the  circuits  were  potted  in  silicone 
rubber  for  moisture  protection.  The  power  supplies  were  thoroughly 
bench-tested  and  they  were  also  use-tested  in  laboratory  experiments 
on  the  dynamic  response  of  in-granite  gages.  The  field  power  supply 
container  was  a compartraented  steel  box,  1.6  m long  by  0,4  » wide  by 
0.23  m deep.  The  box  was  welded  from  3.2-mm-thick  steel;  the  removable 
top  cover  plate,  also  3.2-mm-thick  steel,  was  secured  by  10-24  machine 
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screws  spaced  20  mm  apart.  Within  the  box,  compartment  covers  of 
1.6-mm-thick  steel  served  to  individually  shield  each  power  supply. 

Ail  welds  were  continuous  and  hole-free;  closures  were  designed  with 
wide  mating  areas  to  permit  bonding  with  conductive  epoxy  (in  addition 
to  the  machine  screws)  at  final  button-up.  The  final  test  of  the  power 
supplies  prior  to  fielding  was  a 60-hour  burn-in  (ac  power  on)  in  the 
closed  field  container,  to  ensure  that  no  overheating  problems  would 
develop  in  the  field. 

The  topology  of  the  shielding  is  illustrated  in  Figure  13.  The 
granite  core  assemblies  were  shielded  by  closely  fitting  containers 
welded  from  3.2-mra-thick  aluminum.  These  containers  were  connected 
through  a steel  bellows  to  a large  compartmented  steel  J-box  at  the 
rear  of  the  granite  block.  Each  gage  assembly  within  a core  was 
individually  shielded  by  two  layers  of  aluminum  with  a total  thickness 
of  0.3  mm.  The  aluminum  shielding  was  bonded  to  1-nun-wall  thickness 
copper  pipe  that  provided  additional  shielding  for  each  pair  of  RG22 
cables  over  the  run  from  the  rear  of  the  granite  core  into  the  J-box. 

Over  the  run  between  the  J-box  and  the  power  supply  alcove,  there  were 
two  continuous  layers  and  one  partial  layer  of  shielding.  The  continuous 
layers  consisted  of  a double  copper  braid  spun  over  a pair  of  RG-22 
cables  and  soldered  to  nipples  at  both  the  J-box  and  power  supply  ends, 
and  the  outer  shield  (double  copper  braid)  of  each  RG-22  soldered  to 
nipples  on  inner  partition  walls  of  both  the  J-box  and  power  supply  box. 

A partial  shield  was  provided  by  steel  conduit  welded  to  the  J-box  and 
terminating  in  an  open  eno  at  the  bypass-bypass  extension  intersection. 
The  up-hole  cable  shields  provided  continuity  between  the  power  supply 
box  and  th*  instrumentation  trailer.  It  must  be  emphasized  that  the 
topology  of  the  shielding  was  not  violated  in  actual  practice.  All 
shields  were  hole-free,  and  all  shield  connections  were  made  by  welding, 
soldering,  or  large-area  conductive  epoxy  bonds.  The  ac  line-hardening 
measures  are  also  illustrated  In  Figure  13. 


The  granite  core  assemblies  are  illustrated  in  Figures  14  and  15. 
These  assemblies  were  built  up  of  closely  fitting  individual  granite 
pieces,  bonded  by  A1  0 -loaded  epoxy.  Note  that  the  gage  and  the  foil 
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leads  lie  in  a plane  parallel  to  the  direction  of  shock  propagation; 

this  edge-on  geometry  gave  long  gage  survival  times  in  laboratory 

experiments.  The  leads  remain  parallel  to  the  shock  direction  and 

widely  spaced  for  about  10  cm  downstream  of  the  gage  element,  at  which 

point  the  lead  spacing  is  narrowed,  the  leads  jog,  and  connections  are 

made  to  #16  copper  wire.  The  copper  wire  was  epoxied  into  grooves  cut  in 

pieces  of  granite.  For  the  closest-in  gages,  the  cross-sectional  area 

2 2 

of  the  shielded  region  was  reduced  from  15.3  cm  at  the  gage  to  4.6  cm 
at  the  transition  to  #16  wire.  This  reduction  in  shield  area  was  made 
to  reduce  EMP  vulnerability.  The  shield  area  had  to  be  larger  in  the 
vicinity  of  the  gage  in  order  to  reduce  shunting  through  shock-compressed 
(electrically  conductive)  granite. 

The  preheat  temperature  gage  was  a grid  photoetched  from  ordinary 
household  aluminum  foil,  0,025  mm  thick,  and  had  an  initial  resistance 
of  0,463  ohm.  This  is  simply  a four-terminal  resistance  thermometer; 
the  change  in  resistance  is  proportional  to  the  preheat  temperature, 
and  the  reuording  scheme  is  identical  with  that  used  for  mangaviin  stross 
gages.  Aluminum  was  used  because  it  has  nearly  the  same  atomic  number 
as  the  surrounding  granite  and  should  therefore  be  heated  similarly  by 
radiation.  The  use  of  aluminum,  as  opposed  to  nickel  or  platinum 
(conventional  resistance-thermometer  materials),  permits  one  to  avoid  the 
problem  of  heat  transfer  between  the  gage  and  the  granite.  We  would  have 
preferred  to  use  a gage  of  much  higher  resistance,  since  the  temperature 
gage  was  intended  to  record  only  prior  to  stress-wave  arrival  and  shunting 
was  not  a constraint.  We  did  try  to  sake  a higher-impedance  gr»ge,  but  we 
could  spend  only  one  day  at  it  (without  compromising  the  fielding 
schedule),  and  we  had  to  accept  the  lower-impedance  gage. 
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6 Gege  Shield  Extenuon,  1 mm  thick  Cu 
7.  8 RG  22  Double  Braid 

9 Double  B'eid  Over  Pm  of  RG  22  » 

10  Power  Supply  Box,  Compertmented  Steel 
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13  Recording  Trailer 

14,  16  Feed-Thru  RF  FMteri  lor  AC.  Geniwo  OP  4300-12 
18  Notation  Trenllormer 
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FIGURE  13  HUSKY  PUP  SHIELDS  TOPOLOGY 
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FIGURE  t5  8-INCH  DIAMETER  (203.2  mm)  GRANITE  CORE 


On  the  basis  of  preshot  calculations,  the  temperature  gage  was 
placed  at  a distance  corresponding  to  about  250  GPa.  Two  manganin 
gages,  one  of  which  was  an  unpowered  background  gage,  were  placed  at  the 
predicted  100-GPa  range.  Two  more  gages,  with  high  impedances  of  0.305 
ohm  and  0.05  ohm,  respectively,  were  placed  at  the  predicted  80-GPa 
range.  The  purpose  of  the  different  impedances  was  to  provide  data  on 
the  magnitude  of  the  shunting  effect.  One  gage  was  placed  at  each  of 
the  ranges  corresponding  to  stresses  of  60  GPa,  40  GPa,  and  about  35  GPa. 

Fielding 

The  granite  cores  were  installed  on  schedule,  and  the  entire  gage 
system,  from  the  granite  block  to  the  recording  trailer,  was  completed 
in  time  for  about  a week  of  dry  runs  prior  to  MFP,  No  problems  with  the 
system  were  encountered  in  any  of  these  dry  runs,  including  MFP.  After 
MFP,  we  disconnected  the  crowbar  circuits  and  status  indication  cables, 
and  the  alcove  was  sealed  off  by  a grout  pour. 

Unfortunately,  the  grout  pour  fouled  the  alcove  dewatering  system 
and  the  alcove  completely  flooded.  The  water  rose  well  above  the  top 
of  our  power  supplies  and  the  water  pressure  was  estimated  to  have  been 
about  10  atmospheres  (1  MPa).  The  alcove  was  subsequently  reentered. 

The  power  supply  box  was  full  of  water,  and  the  ac  contactor  was  badly 
corroded.  After  the  water  was  emptied  out  of  the  power  supply  box  and 
the  power  supplies  were  dried  off,  the  power  supplies  were  tested,  and 
found  in  perfect  working  order.  The  potting  had  prevented  any  damage. 
After  replacement  of  the  ac  contactor,  the  entire  gage  system  was  checked 
out  under  partial  power.  Since  the  crowbars  were  disconnected,  we 
allowed  the  capacitors  to  chargs  up  to  only  50  V (Inst sad  of  the  normal 
500  V)  before  discharging  them  through  ths  gagsa.  This  was  a more 
severe  test  of  ths  triggsrlng  system  than  s full  povsr  discharge.  The 
power  supply  box  was  buttoned  up  again,  and  the  alcove  was  ssalsd  off, 
sftsr  installation  of  a nsw  dewatering  system. 
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Prior  to  Husky  Pup  execution,  the  alcove  flooded  again.  The 
evidence  relating  to  the  water  depth  in  this  second  flooding  is  contra- 
dictory. If  one  believes  the  water  level  gages,  the  depth  did  not 
exceed  3 feet.  If  one  believes  the  manganin  gage  power  supply  status- 
indication  lights  (the  terminals  in  the  alcove  were  disconnected  from 
the  power  supply  but  still  "live"),  the  maximum  water  depth  exceeded 
4 feet. 

Results 

The  recording  instrumentation  functioned  perfectly,  but  the  gage 
power  supplies  did  not  trigger.  However,  we  obtained  excellent  time-of- 
arrival  data  from  the  piezoelectric  signals  produced  by  shock  compression 
of  the  quartz  crystals  in  the  granite.  One  of  the  noise  records  is 
shown  in  Figure  16.  For  comparison,  we  show  a record  of  a laboratory 
experiment  with  an  In-granite  gage  Figure  17.  This  experiment  was  a 
test  of  the  Husky  Pup  gage  system:  a Husky  Pup  power  supply,  custom 

signal  transformer,  a 0.05-ohm  gage  nearly  identical  to  a Husky  Pup  gage, 
and  granite  cut  from  the  Husky  Pup  Raymond  granite  block.  The  noise 
in  this  laboratory  experiment  began  ut  the  time  of  shock  arrival  at  the 
granite,  about  300  ns  before  shock  arrival  at  the  gage.  Since  the  gages 
in  Husky  Pup  were  individually  shielded,  the  first  piezoelectric  noise 
should  appear  after  the  shock  wave  enters  the  shielded  region.  In  our 
experience  with  in-granite  gages  in  laboratory  experiments,  the  noise 
pickup  invariably  begins  before  the  shock  wave  reaches  the  gage  plane. 

In  Husky  Pup,  the  manganin  gages  were  located  ~ 1.9  cm  behind  the  shield. 
In  essence,  there  is  a 1 . 5 -cm  uncertainty  in  the  position  of  the  shock 
front  at  the  time  of  the  first  appearance  of  piezoelectric  noise  in  our 
Husky  Pup  records.  The  tlme-of -arrival  (TOA)  data  are  listed  in  Table 
3. 

These  data  complement  the  TOA  data  obtained  by  the  other  granite 
block  experimenters  and  confirm  that  peak  stresses  at  various  propagation 
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Table  3 


GRANITE  BLOCK  TIME-OF-ARRI VAL  DATA 


Distance  from  Front  of 
Granite  Block,  Measured 
Direction  of  Core  Axis 

in 

(cm) 

Time  of  Arrival 

Channel 

Core 

Shield 

Position 

Gage 

Position 

After  Nuclear  Zero 
(P«) 

308 

• 

o 

m (temp,  gage) 

98.6 

98.9 

< 27.0 

301 

0.2 

m 

134 

135.4 

53.9 

302 

0.2 

m 

134 

135.4 

53.4 

303 

0.2 

m 

145.4 

146.9 

62.7 

304 

0.2 

m 

145.4 

146.9 

63.0 

305 

0.2 

m 

159.4 

160.9 

75.7 

306 

0.2 

m 

180.4 

181.9 

94.7 

307 

0.1 

m 

184.0 

185.4 

98.4 
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distances  were  about  twice  as  high  as  pre-experiment  predictions. 

Because  of  this  gross  error  in  prediction,  only  one  of  the  manganin 
gages  (the  predicted  35  GPa)  was  actually  located  in  the  3tress  region 
below  100  GPa,  the  maximum  stress  at  which  we  expect  in-granite  manganin 
gages  to  work.  If  the  power  supplies  had  triggered,  the  remaining  gage 
records  would  probably  have  yielded  only  time-of -arrival  information, 
albeit  without  the  1.5-cra  uncertainty  of  the  present  data. 

The  EMP  shielding  measures  were  effective.  In  the  manganin  gage 
records,  EMP  noise  levels  had  decayed  to  less  than  one  volt  in  six  of 
the  seven  cases  (the  seventh  had  a 2 V level)  by  the  time  of  shock  arrival 
at  the  gage  (ranging  from  50  to  100  us  after  nuclear  zero). 

The  EMP  noise  was  quasi-sinusoidal , with  a period  of  about  10  us. 

The  expected  stress  signals,  based  on  preexperimont  calculations,  would 
be  essentially  triungular,  rising  within  1 us  to  a peak  of  about  2 V 
and  decaying  toward  initial  levels  over  about  10  us.  Because  of  these 
essential  differences  between  the  noise  and  the  expected  signals,  the 
signals  would  have  been  clearly  discernible.  If  the  power  supplies  had 
triggered  and  If  the  stress  levels  had  been  in  the  predicted  range,  the 
observed  EMP  noise  would  not  have  seriously  degraded  the  accuracy  of 
peak  stress  measurement. 

In  the  temperature  gage  record,  the  noise  levels  are  comparable 
with  the  expected  signal  level.  Because  of  the  character  of  the  expected 
signal  (a  gradual  rise  from  2.5  V to  about  7 V over  30  us),  it  is  doubtful 
that  good  temperature  data  would  have  been  obtained  even  if  the  power 
supplies  had  triggered. 

Discussion 

It  is  not  possible  to  determine  why  the  power  supplies  failed  to 
trigger.  The  same  signals  successfully  triggered  oscilloscopes  in  the 
recording  van.  The  trigger  oable  connectors  in  the  alcove  may  have 
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been  short-circuited  by  water  several  days  before  the  shot  when  the 
alcove  flooded.  More  likely,  however,  the  ac  power  to  the  power  supplies 
was  lost,  possibly  by  corrosion  of  the  ac  contactor  points. 

It  must  be  recognized  that  measurements  of  stress-wave  propagation 
at  very  high  stresses  (100  GPa  and  above)  are  difficult  and  entail  a 
high  risk  of  failure,  even  without  the  problems  (large  induced  electric 
fields,  neutron,  gamma,  and  X-ray  fluences)  associated  with  the  nuclear 
•test  environment.  The  results  of  the  Debris  Coupling  Experiment  clearly 
demonstrate  the  feasibility  of  close-in  measurements;  the  major  environ- 
mental problems  were  successfully  surmounted.  The  manganin  gage  appears 
to  be  a useful  close-in  stress  transducer,  and,  given  advance  warning, 
it  would  be  simple  to  build  a submersible  power  supply.  Preheat  tempera- 
ture measurements  also  appear  feasible;  the  necessary  higher  signal 
levels  could  be  easily  obtained,  given  sufficient  leud  time  to  construct 
a high-impedance  resistance  thermometer. 

The  detailed  plan  of  the  DCS  evolved  during  a series  of  planning 
meetings  chaired  by  Dr.  C.  P.  Knowles  of  RDA  and  attended  by  experi- 
menters and  theoreticians  from  various  agencies  including  LASL,  LLL, 

SAI,  ECfcC,  PI,  AFVL,  SSS,  IKT,  SLA,  SRI,  and  DNA.  The  extraordinaiy 
feature  of  these  meeetlngs  was  the  prevailing  spirit  of  working  toward 
a common  goal.  There  wse  free  exchange  of  ideas  and  criticism,  all 
directed  toward  a successful  solution  to  ths  experimental  problems. 

Design  decisions  were  deferred  until  the  last  possible  moment,  in  order 
to  take  advantage  of  inforaation  gained  from  concurrent  laboratory 
experiments.  The  schedule  was  so  tight  that  there  was  little  time  for 
the  DCS  experimenters  to  participate  in  Husky  Pup  dry  runs,  but  it 
would  appear  that  the  additional  time  spent  in  planning  and  in  labora- 
tory experiment a adequately  compensated  for  the  missed  dry  runs  and 
mads  possible  a state-of-the-art  nuclear  experiment. 
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Appendix 


SUMMARY  OF  SHOCK-LOADING  EXPERIMENTS 
Flyer-Plate  Experiments 

In  all  of  these  experiments,  flat-topped  stress  waves  were  produced 
by  the  impact  of  an  explosively  accelerated  metal  flyer  plate  on  a metal 
base  plate,  on  which  gage  packages  were  mounted.  Coaxial  shorting  pins 
were  used  to  measure  flyer-plate  velocity,  shock  velocity  in  the  base 
plate,  free  surface  velocity  of  the  base  plate,  and  planarity  of  flyer- 
plate  impact.  In  every  case,  the  explosive  was  an  203  mm  (8  inch) 
diameter  pad  of  PBX  (plastic  bonded  HMS),  initiated  by  an  203  mm  (8  inch) 
diameter  plane-wave  lens.  There  was  a 1.5  mm  (1/16  inch)  air  gap  between 
the  PBX  and  the  metal  flyer  (to  minimize  flyer-plate  spall),  and  the 
flyer  plate  was  accelerated  over  a free  run  of  28  mm  ( 1 . 1 inches)  of 
air.  The  experimental  variables  were  PBX  thickness,  flyer-plate  thickneap, 
flyer-plate  material,  base-plate  thickness,  base-plate  material,  and  the 
gages  themselves  (method  of  construction,  insulator  material,  otc.). 

3654-1-1  102  mm-thick  PBX,  4.76  am  thick  type  304  stainless  steel 

flyer,  five  aanganin  gage  packages  on  the  base  plate.  Two 

gugea  were  packaged  in  Vistal  (fully  dense  A1  0 ceramic), 

2 3 

two  gages  were  packaged  in  fused  silica,  and  one  gage  was 

packaged  in  granite.  One  each  of  the  Vistal  and  silica 

packages  was  bonded  by  Cabal  glass  (2-1-9  molar  ratios  of 

CaO,  A1  0 , and  BO,  respectively).  The  other  guge  packages 
2 3 2 3 

were  bonded  by  Ai„0  -filled  epoxy  (equal  weights  of  A1  0 
2 3 2 3 

powder  and  Homallte  1100  epoxy),  with  relatively  thick 
(0.2S  mb)  bond  lines.  Initial  gage  reeistances  were 
~ 0.2  ohm. 
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Results:  Both  Cabal-bonded  gages  failed  about  50  ns  after 

shock-wave  arrival.  The  other  gages  worked  reasonably 
well,  surviving  through  partial  stress  release  (~  150  ns 
for  Vistal,  ~ 800  ns  for  silica  and  granite  packages). 

Pin  records  were  not  obtained  because  of  oscilloscope 
malfunction;  stress  in  base  plate  is  estimated  (based  on 
explosi ve-to-flyer-plate  mass  ratio  and  previous  experience) 
at  about  130  GPa  (1.3  Mbar).  Corresponding  stresses  in  gage 
packages  are  ~ 45  GPa  in  silica,  ~ 57  GPa  in  granite,  and 
~ 107  GPa  in  Vistal.  On  the  basis  of  subsequently  determined 
manganin  calibration  data,  observed  resistance  changes  are 
concordant  with  estimated  stresses,  but  Vistal  gage  response 
is  obviously  degraded  by  excessive  bond  thickness. 


3654-1-2  76  ma  thick  PBX,  4.65  mm  thick  304  S.S.  flyer,  4.27  mm  thick 

j OFHC  copper  base  plate,  and  five  gage  packages.  Gage 

packages  were  Vistal  (two  gages),  fused  silica  (two  gages) 

| and  granite.  One  vistal  package  was  Cabal-bonded,  remaining 

§ 

gages  were  bonded  with  A1  0 -loaded  epoxy  (~  0.25  mm  bond 

5 2 3 

l lines).  Initial  gage  resistances  were  about  0.2  ohm. 

I 

Results:  The  Cabal-bonded  gage  failed  about  100  ns  after 

shock  arrival;  the  other  gages  survived  through  partial 
stress  release.  Pin  records  were  not  obtained;  estimated 
j stress  in  copper  is  about  100  GPa  (1  Mbar),  based  on  explo- 
it sive-to-flyer-plate-mass  ratio;  the  in-silica  manganin 

gages  indicate  a stress  of  about  36  GPa,  implying  a stress 
in  copper  of  105  GPa  and  s stress  in  Vistal  of  about  86  GPs. 
Resistance  changes  in  all  gages  are  concordant  with  subse- 
quent calibration  results;  the  Vistal  record  was  dsgraded 
by  excessive  bond  thickness. 


Aft 


3654-1-3 


3854-1-4 


127  nun  thick  PBX,  3.05  mm  thick  304  S.S.  flyer,  4.66  mm 

thick  OFHC  copper  base  plate,  four  gage  packages,  and  two 

resistivity  experiments.  Gage  packages  were  granite  (two 

gages),  Vistal,  and  fused  silica,  all  bonded  by  A1  0 -loaded 

epoxy.  One  of  the  granite  gages  had  a thick  (0.33  mm)  bond 

at  the  gage  plane;  the  other  gages  had  thin  bonds  (0.033  mm) 

including  the  0.025  mm  gage  thickness.  Reduction  in  bond 

thickness  required  modification  of  A1  0 -loaded  epoxy  (31 

wgt%  0.3  micron  A1  0 powder,  69  wt%  1100  Homalite  epoxy). 

2 3 

Gage  design  was  modified  for  lower  initial  resistance  of 
about  0.15  ohm.  Resistivity  samples  were  Raymond  granite 
and  single-crystal  MgO,  backed  by  copper  anvil -electrodes. 

Results:  The  in-silica  gage  failed  on  shock  arrival, 

remaining  gages  survived  through  partial  stress  release, 

good  resistivity  records  were  obtained,  and  pin  records 

yielded  independent  measurement  of  stress  in  the  copper  base 

plate  of  150  & 10  GPa.  Corresponding  stress  in  Vistal  was 

122  ± 7 GPa,  and  observed  peak  resistance  change,  A R/R  = 

o 

2.05,  decayed  about  10%  over  400  ns.  In  retrospect,  minor 
shunting  appears  to  have  occurred.  The  records  from  both 
in-granite  gages  were  very  noisy  (due  to  piezoelectric  noise), 
but  observed  resistance  changes  appeared  lower  than  expected. 

102  m thick  PBX,  5.51  mm  thick  304  S.S.  flyer,  4.67  mm 
thick  OFHC  copper  base  plate,  five  gage  packages,  and  one 
granite  resistivity  experiment.  Gage  packages  were  Vistal 
(two  gages),  fused  si lies  (two  gsges),  and  granite,  all 
with  thin  bonds.  One  of  the  Vistal  packages  was  backed  by 
aluminum,  to  provide  a step  release  point,  and  one  of  the 
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silica  packages  was  backed  by  PMMA  (plexiglas)  for  step 
release.  Initial  gage  resistances  were  ~ 0.15  ohm. 


Results:  One  in-silica  gage  failed  on  shock  arrival,  two 

gages  (one  in-Vistal  and  one  in-silica  survived  through 
stress  release-  and  two  gages  (in-Vistal  and  in-granite) 
survived  at  least  through  partial  stress  release  (the 
oscilloscope  windows  did  not  cover  the  full  release).  A 
good  resistivity  measurement  was  obtained,  and  excellent 
pin  records  were  obtained.  Based  on  the  pin  records,  the 
stress  in  the  copper  base  plate  was  96  ± 2 GPa,  and  the 
corresponding  stress  in  Vistal  was  80  ± 2 GPa.  The  shapes 
of  the  in-Vistal  records  agree  in  detail  with  calculated 
stress-wave  profiles.  The  in-silica  record  (32  GPa)  and  the 
in-granite  record  (40  GPa)  are  somewhat  noisy  but  follow 
expected  profiles  and  show  resistance  changes  compatible 
with  accepted  manganin  calibration  data.  The  releuso  steps 
(Vlstai-aluminua  and  silica-PMMA)  yield  resistance  changes 
that  coincide  with  resistance  changes  on  loading,  and  resist- 
ance hysteresis  on  release  to  zero  stress  is  no  more  than 
about  5%. 

3884-1-5  152  ma  PBK,  3.05  mm  thick  tool-steel  flyer,  4.83  mm  thick 

OF1IC  copper  base  plate,  and  four  gage  packages.  Gage  packages 

were  Vistal  backed  by  aluminum  (for  step  release),  copper 

(the  gage  element  was  insulated  from  the  copper  by  0.1  ma- 

thick  pieces  of  fused  silioa),  aluminum-foil-shielded  granite 

(the  gsge  element  was  Insulated  from  the  foil  by  0.15  am 

thick  layers  of  A1.0  -loaded  epoxy),  and  unshielded  granite, 

• 3 

The  Vistal  and  unshielded  granite  packages  had  thin  (0.033  ma) 
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bonds  in  the  gage  planes.  The  unshielded  in-granite  gage 
was  powered  by  a prototype  20-A  constant-current  supply  and 
the  signal  was  transformer-coupled  (a  test  of  the  system 
proposed  for  use  on  Husky  Pup).  The  in-granite  gages  had 
initial  resistances  of  ~ 0.5  ohm;  the  in-Vistal  and  in- 
copper gages  had  initial  resistances  of  ~ 0.15  ohm. 

Results : The  in-copper  gage  shorted  on  shock  arrival  and 

the  shielded  in-granite  gage  shorted  about  20  ns  after 
shock  arrival.  The  in-Vistal  gage  and  the  unshielded  gran- 
ite gage  survived  through  partial  stress  release.  Excellent 
pin  records  yielded  a stress  in  copper  of  155  + 5 GPa,  corre- 
sponding to  a stress  in  Vistal  of  125  + 5 GPa.  The  prototype 
Husky  Pup  system  worked  well. 

127  mm-thlck  PBX,  3.05  mm  thick  304  S.S.  flyer.  4.52  mm  thick 
OPHC  copper  base  plate,  four  gage  packages.  The  gage  packages 
(thin  loaded  epoxy  bond)  wero  Vistal  backed  by  aluminum 
(two  gages)  and  granite  (two  gages).  One  of  the  in-granite 
gages  was  aligned  with  its  thickness  (and  the  bond  plane) 
normal  to  the  shock  front;  the  other  in-granite  gage  was  In 
the  conventional  parallel  geometry.  In-Vistal  gage  elements 
were  initially  ~0.13  ohm;  in-granite  gage  elements  were 
initially  ~ 0,5  ohm. 

I 

Results:  The  parallel -geometry  in-granite  gage  failed  during 

stress  rise;  the  other  gages  survived  through  purtlal  stress 
release.  Good  pin  records  yielded  « stress  in  the  copper 
base  plate  of  150  * 10  GPa,  corresponding  to  a stress  in 
Vistal  of  120  ♦ 7 GPa.  Observed  gage  resistance  profiles 
agreed  well  with  calculated  stress-wave  profiles. 


3654-1-7 


3654-1-8 


102  ram-thick  PBX,  3.85  mm  thick  tool-steel  flyer,  4.67  mm 
thick  OFHC  copper  base  plate,  four  gage  packages.  Gage 
packages  (thin  loaded  epoxy  bonds)  were  silica-insulated 
aluminum,  silica-insulated  copper,  Vistal,  and  granite. 

The  in-granite  gage  had  an  initial  resistance  of  0.5  ohm, 
the  other  gages  were  initially  0.15  ohm. 

Results:  The  in-copper  and  in-aluminum  gages  shorted  on 

shock  arrival,  the  in -Vistal  gage  survived  for  about  100 
ns  at  stress,  and  the  in-granite  gage  survived  through 
stress  release.  The  pin  records  could  not  be  deciphered, 
and  the  in-granite  record  was  too  noisy  to  be  useful. 

The  double-humped  appearance  and  early  failure  of  the  in- 
Vistal  record  and  the  "noise’’  in  the  in-granite  record 
can  be  interpreted  as  evidonce  of  multiple  shocks  resulting 
from  in-flight  fragmentation  of  the  flyer  plate. 

127  mm-thick  PBX,  5.33  mm-thick  404  S.S.  flyer,  4.74  ma- 
thlck  0PHC  copper  base  plate,  four  gage  packages.  Gage 
packages  (thin  loaded  epoxy  bond)  were  Vistal  (backed  by 
alualnua),  silica-insulated  aluminum,  and  granite.  The 
fourth  gage  was  In  Lucalox  (fully  dense  Al^O^  ceramic) 
bonded  by  ceramic  strain-gage  cement.  The  in-granlte  gage 
was  Initially  0.5  ohm,  the  in  * hues',  ox  gage  was  Initially 
0.2  ohm,  and  the  in-Vlstal  and  in-aluminum  gages  were 
initially  0.15  ohm. 

Results:  All  gages  survived  througn  partial  stress  release; 
good  pin  records  yielded  stress  in  copper  of  105  + S GPa. 
Corresponding  stresses  In  Vistal  (and  Lucalox)  and  in  alumi- 
num were  88  + 5 GPa  and  57  ♦ 5 GPa,  respectively. 
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The  Vistal  record  was  flat -topped  and  gave  a step  release 
point  as  planned.  The  ceramic  cement-bonded  Lucalox  record 
showed  a sharp  rise  to  a resistance  ratio  in  agreement  with 
the  Vistal  record.  However,  the  resistance  rose  by  an 
additional  25%  over  the  next  100  ns  and  then  remained  rela- 
tively constant  until  stress  release.  This  additional  rise 
is  attributed  to  dimpling  of  the  gage  caused  by  interaction 
of  the  gage  with  the  porous  ceramic  cement.  The  silica- 
insulated  in-aluminum  gage  had  a poor  rise  time  (about  200  ns) 
and  reached  only  about  half  the  expected  resistance  change 
at  stress.  Shunting  probably  occurred. 

3654-1-11  102  mm-thick  PBX,  3.05  aim-thick  3C<  S.S,  flyer,  4.95  mm  thick 

2024T6  aluminum  base  plate,  two  in-Vistal  gages,  and  a three- 
gage  in-granite  Lagrangian  array.  One  of  the  in-Vistal  gages 
was  backed  by  aluminum  and  used  a 0,15-oha  element.  The 
other  in-Vistal  gage  used  a 0. 05-ohm  element.  The  in-granite 
gages  ussd  0.05-ohm  elements  powered  by  Husky  Pup  power 
supplies,  and  the  signals  were  transformer-coupled. 

Results:  All  geget  survived  through  at  least  partial  stress 

release,  end  the  Husky  Pup  systems  (0.05-ohm  gages,  20-A 
power  supplies,  wideband  signal  transformers)  worked  very 
well.  However,  the  records  were  somewhat  noisy,  and  only 
the  free-surf ace-velocity  pin  records  were  obtained.  The 
In-granite  gages  Indicated  possible  stress  relaxation  in 
granite.  The  0.05-ohm  in-Vletal  gage  showed  an  abnormally 
lot  resistance  change  at  pressure;  this  effect  is  ascribed 
to  a poorly  positioned  potential  lead  connection. 
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3654-1-12  102  mm-thick  PBX,  3.05  mm-thick  304  S.S.  flyer,  4.95  mm 

thick  2024T6  aluminum  base  plate,  two  in-Vistal  gages,  and 
a three-gage  in-granite  Lagrangian  array.  This  shot  was  a 
repeat  of  3654-1-11,  with  the  addition  of  aluminum-foil 
shielding  around  the  in-Vistal  gages  and  around  the  in- 
granite array. 

Results:  All  gages  survived  through  at  least  partial  stress 

release,  the  Husky  Pup  systems  worked  weXl,  and  excellent 
pin  records  were  obtained.  The  additional  shielding  resulted 
in  substantial  noise  reduction,  and  the  possible  stress 
relaxation  in  granite  was  again  observed.  The  resistance 
change  at  peak  stress  was  about  10%  higher  for  the  0.05-ohm 
in-Vistal  gage  than  for  the  0. 15~©h»  in-Vistal  gage.  This 
result  is  interpreted  as  evidence  of  minor  shunting. 

Explosive-in-Contact  Experiments 

In  these  two  experiments,  relatively-long-duration  (but  attenuating) 
stress  waves  were  produced  by  plane-wave  initiation  of  a pad  of  explo- 
sive in  contact  with  a metal  base  plate  on  which  gage  packages  were 
mounted.  The  etress  in  the  base  plate  was  not  measured  independently 
of  the  gage  measurements;  these  experiments  were  intended  as  test  of 
the  Husky  Pup  gsge  conf igurstion  and  recording  system  over  longer  times 
than  could  be  obtained  with  flyer-plate  systems, 

3654-1-9  P-60  152  mm-diametsr  plane-wave  lens,  51  mm-thlok  POX, 

6.35  mm-thick  2024  T6  aluminum  base  plate,  one  active  in- 
granite  gage  in  parallel  geometry.  The  Husky  Pup  power 
supply  and  signal  transformsr  was  used  and  the  signal  was 
transmitted  over  400  meter#  of  BO-8  cable,  in  simulation  of 
NTS  recording  conditions. 


Insults:  A good  record  was  obtained;  the  gage  survived 


for  4 us  before  excessive  lead  stretch  occurred. 

3654-1-10  Repeat  of  3654-1-9,  except  that  the  gage  was  in  the  edge 
on  geometry. 

Results1  A good  record;  the  gage  survived  for  8 Us  before 
lead  stretch  became  excessive. 

Gas  Gun  Experiments 

These  experiments  were  designed  to  test  a modified  version  of  the 
mutual-inductance  particle  velocity  gage  to  assess  its  potential  for 
use  in  the  very-high-stress  range. 

3654-6-1  An  experimental  nonconducting  projectile  made  from  nylon 
and  syntactic  foam  with  a Luculox  head  was  accelerated  to 
1200  m/s  in  the  SRI  102  m»-bore  gas  gun. 

Results:  The  projectile  broke  up  in  flight  and  no  useful 

data  were  obtained. 

3654-6-2  A standard  aluminum  gas  gun  projectile,  modified  by  the 
addition  of  a 51  mm-long  Lucalox-faced  plexiglas  head 
extension,  was  accelerated  to  773  m/e  in  tho  SRI  64  mm-bore 

gas  gun. 

Results;  The  particle  velocity  gage  gave  an  excellent  record, 
with  no  evidence  of  perturbation  by  the  aluminum  portion  of 
the  projectile. 
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